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Abstract. Limb measurements provided by the Scanning
Imaging Absorption spectroMeter for Atmospheric CHar-
tographY (SCIAMACHY) on the ENVISAT satellite allow
retrieving stratospheric proﬁles of various trace gases on a
global scale. Combining measurements of the same air vol-
ume from different viewing positions along the orbit, a tomo-
graphic approach can be applied and 2-D distribution ﬁelds
of stratospheric trace gases can be acquired in one inversion.
With this approach, it is possible to improve the accounting
for the effect of horizontal gradients in the trace gas distri-
bution on the proﬁle retrieval. This was shown in a previous
study for the retrieval of NO2 and OClO proﬁles in the Arctic
region near the polar vortex boundary.
In this study, the tomographic retrieval is applied on
measurements during special limb-only orbits performed on
14 December 2008. For these orbits the distance between
consecutive limb scanning sequences was reduced to ∼3.3◦
of the orbital circle (i.e. more than two times with respect
to the nominal operational mode). Thus, the same air vol-
umes are scanned successively by more than one scanning
sequencealsoformidlatitudesandthetropics. Itisfoundthat
the proﬁles obtained by the tomographic 2-D approach show
signiﬁcantdifferencestothoseobtainedbythe1-Dapproach.
In particular, for regions close to stratospheric transport bar-
riers (i.e. near to the edge of the polar vortex and subtropical
transport barrier) up to 50% larger or smaller NO2 number
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densities (depending on the sign of the gradient along the line
of sight) for altitudes below the peak of the proﬁle (around
20km) are obtained.
The limb-only measurements allow examining the sys-
tematic error if the horizontal gradient is not accounted for,
and studying the impact of the gradient strength on the pro-
ﬁle retrieval on a global scale. The ﬁndings for the actual
SCIAMACHY observations are veriﬁed by sensitivity stud-
ies for simulated data for which the NO2 distributions to be
retrieved are known in advance. In addition, the impact of
the horizontal distance between consecutive limb scanning
sequences on the quality of the tomographic 2-D retrieval is
investigated and a possibility to take into account the hori-
zontal gradients by an interpolation approach is studied.
1 Introduction
Measurements in satellite limb geometry (i.e. tangential view
with respect to the Earth surface) offer the opportunity to
acquire height resolved proﬁle information of various at-
mospheric parameters. This is achieved by measuring light
from air masses at different tangent heights (THs) in a ver-
tical scanning sequence and combining the measurements
of all THs in an inversion algorithm. Several retrieval al-
gorithms exist, for ENVISAT-SCIAMACHY limb measure-
ments of scattered sunlight (see for example Sioris et al.,
2004; Rozanov et al., 2005; K¨ uhl, 2005; von Savigny et al.,
2005; Sioris et al., 2006; Puk ¸¯ ıte et al., 2006; K¨ uhl et al.,
2008). Further, it is possible to acquire not only vertically but
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also horizontally resolved information on the number density
ﬁeld if the backscattered light of the same air volume is mea-
sured at different sites along the orbit. In these cases, the
spatial correlation between these measurements can be taken
into account and a tomographic (2-D) approach can be ap-
plied (Puk ¸¯ ıte et al., 2008), i.e. the measurements from sev-
eral consecutive SCIAMACHY limb scanning sequences are
combined in one inversion. This approach improves the pro-
ﬁle retrieval by taking into account horizontal gradients of
the trace gas distribution in ﬂight/viewing direction and re-
quires that the sites, where the measurement sequences are
performed, are close enough that the probed air masses par-
tially overlap.
It is important to mention that also tomographic ap-
proaches for satellites measuring infrared emission exist, for
MIPAS on ENVISAT (see e.g. Carlotti et al., 2001; Ridolﬁ
et al., 2004; Steck et al., 2005; Carlotti et al., 2006). Also,
the infrared channels of OSIRIS are speciﬁcally designed
for tomographic retrievals, although they are mainly used
for measurements of terrestrial airglow emissions and not for
limb-scattered radiation (see Degenstein et al., 2003 and ref-
erences on airglow emission tomography therein).
The SCIAMACHY instrument on the ENVISAT satellite
operates in a near polar sun synchronous orbit with an incli-
nation from the equatorial plane of ∼98.5◦. It performs one
orbit in ∼100min with an equator crossing time of 10:00
for the descending node. In the normal operation mode, the
satellite probes the atmosphere at the day side of Earth in al-
ternating sequences of nadir and limb measurements. Ver-
tical limb scans for one scanning sequence are performed
with approx. 3.3km elevation steps at the tangent point (TP)
in ﬂight direction. The cross track swath is 960km at the
TP and consists of up to 4pixels for the UV/VIS spectral
range. The ﬁeld of view (FOV) is 0.045◦ in elevation and
1.8◦ in azimuth. This corresponds to approx. 2.5km in ver-
tical direction and 110km in horizontal direction at the TP,
respectively. For nominal orbits (with alternating limb and
nadir measurements) the distance between TPs of consec-
utive limb scanning sequences is 7.5◦ of the orbital cycle
(i.e. ∼830km). SCIAMACHY measures in the UV-VIS-NIR
spectral range from 240 to 2380nm with a spectral resolution
ofapprox.0.25to0.55nmintheUV-VISrange. Moreinstru-
mental details can be found in Bovensmann et al. (1999).
In Puk ¸¯ ıte et al. (2008), the 2-D tomographic approach was
applied for the most northern parts of SCIAMACHY orbits
where no nadir measurements are performed. Therefore the
distance between the satellite positions of consecutive limb
scanning sequences is reduced to ∼3.3◦ (corresponding to
approx. 370km along the Earth‘s surface), which allows for
a tomographic retrieval approach. It was found that, if the
horizontal inhomogenity in the distribution of the considered
species is not properly accounted for (i.e. if the retrieval was
performed separately for every scanning sequence by the 1-D
approach), typical errors of 20% for NO2 and up to 50% for
OClO around the altitude of the proﬁle peak can arise for
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where no nadir measurements are performed. Therefore the
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scanning sequences is reduced to ∼3.3◦ (corresponding to
approx. 370km along the Earth‘s surface), which allows for
a tomographic retrieval approach. It was found that, if the
horizontal inhomogenity in the distribution of the considered
species is not properly accounted for (i.e. if the retrieval was
performed separately for every scanning sequence by the 1-D
approach), typical errors of 20% for NO2 and up to 50% for
OClO around the altitude of the proﬁle peak can arise for
measurements close to the Arctic polar vortex boundary in
boreal winter. However, the 2-D tomographic approach can
correct for most of these errors by taking into account the in-
formation from all scanning sequences that probe a particular
air volume.
For the normal operational mode with 7.5◦ distance be-
tween consecutive limb scanning sequences, the spatial over-
lap of the scanned air masses is very weak: i.e. the line of
sight (LOS) for the actual tangent point crosses the point of
half distance to the tangent point of the previous limb scan-
ning sequence with a difference in altitude of almost 15km
(see Fig. 1), therefore not allowing a 2-D tomographic re-
trieval. Under an operational change request made by the
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Fig. 1. Spatial overlap of the LOSs of two consecutive scanning
sequences (for the same TH). If the distance between their TPs is
7.5
◦ (nominal SCIAMACHY orbits), they intersect ∼15km above
the TH indicating rather poor spatial overlap. On the other hand,
for a distance of 3.3
◦ (full limb orbits), they cross ∼3km above the
TH.
authors, seven consecutive SCIAMACHY orbits (nr. 35499–
35505) on 14 December 2008 were performed in limb mode
only (i.e. without nadir scans between consecutive limb scan-
ning sequences) for investigating the horizontal gradient ef-
fect on the 2-D tomographic proﬁle retrieval globally. There-
fore, the distance between two consecutive limb scanning se-
quences is reduced to ∼3.3◦ for the whole orbit, and the LOS
for the actual tangent point crosses the point of half distance
to the tangent point of the previous limb scanning sequence
with a difference in altitude of only 3km (as indicated in
Fig. 1). This reduced spatial distance between consecutive
limb scanning sequences by slightly more than a factor of
two for the whole orbit provides valuable information about
possibilitiestocorrectforhorizontalgradientsalsoattropical
and midlatitude regions.
In Sect. 2 we describe the retrieval algorithms which are
applied for the retrieval of the vertical NO2 distribution in
Sect. 3. Additionally to the 1-D and 2-D approach applied
in Puk ¸¯ ıte et al. (2008) we also study a possibility to apply
an interpolation approach. It assumes that the number den-
sity in the regions between the consecutive limb scanning
sequences changes linearly. In Sect. 4, the 1-D and 2-D re-
trieval approaches are applied to simulated measurements to
investigate the performance and limitations of the 2-D and
the interpolation approaches for different gradient strengths.
Also, an estimate for the optimal distance between consecu-
tive limb scanning sequences to account for the typical hori-
zontal gradients of the NO2 concentration is derived from the
sensitivity studies. Section 5 draws some conclusions.
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In Sect. 2 we describe the retrieval algorithms which are
applied for the retrieval of the vertical NO2 distribution in
Sect. 3. Additionally to the 1-D and 2-D approach applied
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an interpolation approach. It assumes that the number den-
sity in the regions between the consecutive limb scanning
sequences changes linearly. In Sect. 4, the 1-D and 2-D re-
trieval approaches are applied to simulated measurements to
investigate the performance and limitations of the 2-D and
the interpolation approaches for different gradient strengths.
Also, an estimate for the optimal distance between consecu-
tive limb scanning sequences to account for the typical hori-
zontal gradients of the NO2 concentration is derived from the
sensitivity studies. Section 5 draws some conclusions.
2 Retrieval algorithm
All retrieval approaches, for which the obtained proﬁles are
compared in the following, are based on a two step method
developed in our group (the remote sensing group of the
Max Planck institute for Chemistry in Mainz and also two
members of the atmospheric physics group from the Institute
of Environmental Physics in Heidelberg) for the retrieval of
stratospheric trace gas distributions (NO2, BrO and OClO)
from SCIAMACHY limb measurements (K¨ uhl, 2005; Puk ¸¯ ıte
et al., 2006; K¨ uhl et al., 2008; Puk ¸¯ ıte et al., 2008).
The ﬁrst step, where slant column densities (SCDs), the
integrated number density of the absorber along the light
path, are derived from the SCIAMACHY limb spectra by
Differential Optical Absorption Spectroscopy (DOAS, see
e.g. Platt and Stutz, 2008), is common for all approaches.
In particular, the same ﬁt window (420–450nm) and Fraun-
hofer reference spectrum at the TH of ∼42km is applied.
Further details of the NO2 SCD retrieval are described in
K¨ uhl et al. (2008). In the second step, the retrieved SCDs are
converted into vertical (for 1-D approach) and additionally
horizontal (for 2-D approaches) number density proﬁles by
the optimal estimation method (Rodgers, 2000). For all ap-
proaches radiative transfer modelling is performed with the
fully spherical Monte Carlo radiative transfer model McAr-
tim (Deutschmann, 2009), a successor of the RTM Tracy-
II (Wagner et al., 2007), which was applied for the studies
performed in Puk ¸¯ ıte et al. (2008). The main difference be-
tween McArtim and Tracy-II is that in McArtim the separa-
tion between trajectory generation and weighting is not per-
formed, i.e. the absorption is included in the trajectory gen-
eration. This increases calculation speed especially for cases
with large optical depths. All features relevant for this study
like the full sphericity option, and the 3-D box AMF concept
are kept and do not affect the results. We study and compare
three different approaches for the deﬁnition of the forward
(and inverse) problem, which are described in the following
subsections.
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2.1 1-D retrieval
First we perform a simple 1-D retrieval (Puk ¸¯ ıte et al., 2006;
K¨ uhl et al., 2008), where every scanning sequence is re-
trieved separately, i.e. measured SCDs at different THs of
one scanning sequence are used for the inversion. This 1-D
method does not take into account the horizontal gradients in
the retrieval, thus assuming horizontally homogeneous trace
gas distributions in the atmosphere. SCDs of only one scan-
ning sequence are inverted simultaneously in one inversion,
applying 1-D box air mass factors (box AMFs). Therefore,
the SCD S for every measurement position and viewing ge-
ometry g (i.e. TH) is described as a sum of products of box
AMFs A and number densities n for boxes balt resolved in
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Fig. 2. Deﬁnition of the horizontal model space for the 2-D retrieval
with respect to the tangent points of the scanning sequences. For
illustration purposes, the LOS of only one measurement (for the
same TH) per scanning sequence is shown.
altitude alt:
Sg = h
X
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Ag,baltnbalt (1)
h is the vertical extension of the boxes which is set to 3km
for this study.
2.2 2-D retrieval
For the 2-D approach, the retrieval algorithm as described
in Puk ¸¯ ıte et al. (2008) is applied: The trace gas SCDs are
converted into vertical and horizontal number density distri-
butions by a tomographic approach. SCDs of all scanning
sequences and THs of one orbit are inverted simultaneously
in one inversion applying 2-D box AMFs. The SCD at the
measurement position and viewing geometry g is described
as the sum of products of box AMFs and number densities
for boxes balt,lat, resolved in altitude alt and latitude lat:
Sg = h
X
balt,lat
Ag,balt,latnbalt,lat (2)
In the latitude dimension, boundaries of the boxes are de-
ﬁned approximately at the midpoint of the tangent points
(TPs) of two consecutive scanning sequences as shown in
Fig. 2.
For the whole set of SCDs measured along the orbit,
Eq. (2) can be written:
S = h(An) (3)
where the matrix A consists of box AMFs for all measure-
ment positions and all boxes along the orbit, and the vector
n contains the number densities of all boxes.
2.3 2-D tomographic retrieval with interpolation con-
straint
For this approach, intermediate boxes are introduced in the
latitude dimension with equal distances to each other and to
the measurement TPs as shown in Fig. 3. Thus, for the inter-
polation approach, 2-D box AMFs are calculated on a ﬁner
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Tangent
point
Line of
sight
Vertical box
boundary
Horizontal box
boundaries
TP IB IB TP
TP
Fig. 3. Deﬁnition of the horizontal model space for the interpo-
lation approach with respect to the tangent points of the scanning
sequences if additional intermediate boxes are introduced. TP and
dark shading indicates boxes around the tangent points, IB and
white shading indicates the intermediate boxes. For illustration pur-
poses, the LOS is shown for only one measurement per scanning
sequence (at the same TH).
latitude grid than the measurements occur. This allows for
number density changes between the measurement sites in
more than one step, so that a better agreement with the shape
of a true number density change can be realized.
However, applying the 2-D tomographic retrieval with in-
terpolationconstraintitisnecessarytoeliminatetheunderde-
terminancythatarisesfromthedeﬁnitionoftheﬁnerretrieval
grid. This is done by describing the number density or box
vertical column density, VCD (i.e. the product of the number
density in the box and its vertical extension) in the additional
boxes that are located in between the measurement TPs as a
function of the number density (or VCD) of the boxes that
are located at the TPs. Thus, only the number density for the
boxes at the TPs is inverted directly.
The forward problem for the interpolation approach can be
written as:
S = h(ATPnTP + AIBnIB) = h(ATP + AIBX)nTP(4)
ATP and AIB are box AMFs for boxes at the TPs and in
between, while nTP and nIB are the respective number den-
sities. The matrix X describes the introduced relation (by in-
terpolation) between nIB and nTP. The number density for
the boxes around the TPs, nTP, is acquired by inversion like
for the general 2-D approach. Thus no additional a-priori
smoothing constraints like off-diagonal elements for the a-
priori covariance matrix are necessary. In our study linear
interpolation of number density is applied, although, in gen-
eral, different kinds of interpolation may be deﬁned by the
matrix X.
3 Application of the 2-D tomographic retrieval to the
full limb orbits
In the following we compare the results for the NO2 proﬁle
retrieval obtained by the different approaches described in
Sect. 2 for the full limb orbits performed by SCIAMACHY
on 14 December 2008.
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Fig. 4. Top panel: vertical and latitudinal distribution of NO2 num-
ber density for orbit 35499 on 14 December 2008 retrieved by the
2-D approach (color plot with solid contourlines) and 1-D approach
(dashed contourlines). Middle and bottom panels: absolute and
relative difference between 1-D and 2-D approach for the retrieval
boxes. Boxes, where the retrieval error is larger than the difference,
are shaded by a diagonal pattern.
3.1 Comparison between the results of the 1-D and 2-D
approaches
To illustrate the differences in the vertical and horizontal
NO2 distribution retrieved by the 1-D and 2-D approach, the
upper panels in Figs. 4 and 5 show the individual results for
two of the full limb orbits. The absolute and relative dif-
ferences between both retrievals are given in the middle and
bottom panel, respectively.
As seen in the upper panels generally larger number den-
sities of NO2 are observed for the southern (summer sea-
son) hemisphere in contrast to lower number densities for the
northern winter hemisphere, reﬂecting the seasonal depen-
dence of NOx chemistry and also the effect of stratospheric
transport. In winter, less sunlight reaches the atmosphere de-
creasingtheproductionofNOx fromN2O,aswellasincreas-
ing the abundance of reservoir species HNO3 and N2O5 by
denoxiﬁcation(BrasseurandSolomon,2005). Also, thepeak
altitude of the NO2 proﬁle varies with latitude and is larger
for the tropics (∼33km) than for the polar regions (∼25km).
Strong differences between both retrievals occur at regions
where strong horizontal gradients in the NO2 ﬁeld are ob-
served. These regions are at the subtropics (10–30◦) and at
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sequences if additional intermediate boxes are introduced. TP and
dark shading indicates boxes around the tangent points, IB and
white shading indicates the intermediate boxes. For illustration pur-
poses, the LOS is shown for only one measurement per scanning
sequence (at the same TH).
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where the matrix A consists of box AMFs for all measure-
ment positions and all boxes along the orbit, and the vector
n contains the number densities of all boxes.
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constraint
For this approach, intermediate boxes are introduced in the
latitude dimension with equal distances to each other and to
the measurement TPs as shown in Fig. 3. Thus, for the inter-
polation approach, 2-D box AMFs are calculated on a ﬁner
latitude grid than the measurements occur. This allows for
number density changes between the measurement sites in
more than one step, so that a better agreement with the shape
of a true number density change can be realized.
However, applying the 2-D tomographic retrieval with in-
terpolationconstraintitisnecessarytoeliminatetheunderde-
terminancythatarisesfromthedeﬁnitionoftheﬁnerretrieval
grid. This is done by describing the number density or box
vertical column density, VCD (i.e. the product of the number
density in the box and its vertical extension) in the additional
boxes that are located in between the measurement TPs as a
function of the number density (or VCD) of the boxes that
are located at the TPs. Thus, only the number density for the
boxes at the TPs is inverted directly.
The forward problem for the interpolation approach can be
written as:
S =h(ATPnTP+AIBnIB)=h(ATP+AIBX)nTP (4)
ATP and AIB are box AMFs for boxes at the TPs and in be-
tween, while nTP and nIB are the respective number densi-
ties. The matrix X describes the introduced relation (by in-
terpolation) between nIB and nTP. The number density for
the boxes around the TPs, nTP, is acquired by inversion like
for the general 2-D approach. Thus no additional a-priori
smoothing constraints like off-diagonal elements for the a-
priori covariance matrix are necessary. In our study linear
interpolation of number density is applied, although, in gen-
eral, different kinds of interpolation may be deﬁned by the
matrix X.
3 Application of the 2-D tomographic retrieval to the
full limb orbits
In the following we compare the results for the NO2 proﬁle
retrieval obtained by the different approaches described in
Sect. 2 for the full limb orbits performed by SCIAMACHY
on 14 December 2008.
3.1 Comparison between the results of the 1-D and
2-D approaches
To illustrate the differences in the vertical and horizontal
NO2 distribution retrieved by the 1-D and 2-D approach, the
upper panels in Figs. 4 and 5 show the individual results for
two of the full limb orbits. The absolute and relative dif-
ferences between both retrievals are given in the middle and
bottom panel, respectively.
As seen in the upper panels generally larger number den-
sities of NO2 are observed for the southern (summer sea-
son) hemisphere in contrast to lower number densities for the
northern winter hemisphere, reﬂecting the seasonal depen-
dence of NOx chemistry and also the effect of stratospheric
transport. In winter, less sunlight reaches the atmosphere de-
creasingtheproductionofNOx fromN2O,aswellasincreas-
ing the abundance of reservoir species HNO3 and N2O5 by
denoxiﬁcation(BrasseurandSolomon,2005). Also, thepeak
altitude of the NO2 proﬁle varies with latitude and is larger
for the tropics (∼33km) than for the polar regions (∼25km).
Strong differences between both retrievals occur at regions
where strong horizontal gradients in the NO2 ﬁeld are ob-
served. These regions are at the subtropics (10–30◦) and
at the midlatitudes (around 40–60◦) in both hemispheres.
In particular, in the summer hemisphere (i.e. the South-
ern Hemisphere in December), subtropical transport barri-
ers strongly impact the stratospheric circulation patterns, af-
fecting the latitudinal distribution of different trace gases in
the stratosphere like e.g. H2O and N2O (Randel et al., 1993;
Brasseur and Solomon, 2005), CH4 (Russell et al., 1993) as
well as aerosols (Trepte and Hitchman, 1992). On the other
hand, in the winter hemisphere weaker gradients from the
subtropics (i.e. 10◦ N) northwards occur because of rather ef-
fective mixing of air masses in this season with a stronger
gradient only at the northern part of the midlatitudes due
to the polar vortex. Since the main source of stratospheric
NO2 is the reaction of O(1D) with the long-lived tracer N2O,
these transport barriers also impact the distribution of NO2.
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Tangent
point
Line of
sight
Vertical box
boundary
Horizontal box
boundaries
TP IB IB TP
TP
Fig. 3. Deﬁnition of the horizontal model space for the interpo-
lation approach with respect to the tangent points of the scanning
sequences if additional intermediate boxes are introduced. TP and
dark shading indicates boxes around the tangent points, IB and
white shading indicates the intermediate boxes. For illustration pur-
poses, the LOS is shown for only one measurement per scanning
sequence (at the same TH).
latitude grid than the measurements occur. This allows for
number density changes between the measurement sites in
more than one step, so that a better agreement with the shape
of a true number density change can be realized.
However, applying the 2-D tomographic retrieval with in-
terpolationconstraintitisnecessarytoeliminatetheunderde-
terminancythatarisesfromthedeﬁnitionoftheﬁnerretrieval
grid. This is done by describing the number density or box
vertical column density, VCD (i.e. the product of the number
density in the box and its vertical extension) in the additional
boxes that are located in between the measurement TPs as a
function of the number density (or VCD) of the boxes that
are located at the TPs. Thus, only the number density for the
boxes at the TPs is inverted directly.
The forward problem for the interpolation approach can be
written as:
S = h(ATPnTP + AIBnIB) = h(ATP + AIBX)nTP(4)
ATP and AIB are box AMFs for boxes at the TPs and in
between, while nTP and nIB are the respective number den-
sities. The matrix X describes the introduced relation (by in-
terpolation) between nIB and nTP. The number density for
the boxes around the TPs, nTP, is acquired by inversion like
for the general 2-D approach. Thus no additional a-priori
smoothing constraints like off-diagonal elements for the a-
priori covariance matrix are necessary. In our study linear
interpolation of number density is applied, although, in gen-
eral, different kinds of interpolation may be deﬁned by the
matrix X.
3 Application of the 2-D tomographic retrieval to the
full limb orbits
In the following we compare the results for the NO2 proﬁle
retrieval obtained by the different approaches described in
Sect. 2 for the full limb orbits performed by SCIAMACHY
on 14 December 2008.
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Fig. 4. Top panel: vertical and latitudinal distribution of NO2 num-
ber density for orbit 35499 on 14 December 2008 retrieved by the
2-D approach (color plot with solid contourlines) and 1-D approach
(dashed contourlines). Middle and bottom panels: absolute and
relative difference between 1-D and 2-D approach for the retrieval
boxes. Boxes, where the retrieval error is larger than the difference,
are shaded by a diagonal pattern.
3.1 Comparison between the results of the 1-D and 2-D
approaches
To illustrate the differences in the vertical and horizontal
NO2 distribution retrieved by the 1-D and 2-D approach, the
upper panels in Figs. 4 and 5 show the individual results for
two of the full limb orbits. The absolute and relative dif-
ferences between both retrievals are given in the middle and
bottom panel, respectively.
As seen in the upper panels generally larger number den-
sities of NO2 are observed for the southern (summer sea-
son) hemisphere in contrast to lower number densities for the
northern winter hemisphere, reﬂecting the seasonal depen-
dence of NOx chemistry and also the effect of stratospheric
transport. In winter, less sunlight reaches the atmosphere de-
creasingtheproductionofNOx fromN2O,aswellasincreas-
ing the abundance of reservoir species HNO3 and N2O5 by
denoxiﬁcation(BrasseurandSolomon,2005). Also, thepeak
altitude of the NO2 proﬁle varies with latitude and is larger
for the tropics (∼33km) than for the polar regions (∼25km).
Strong differences between both retrievals occur at regions
where strong horizontal gradients in the NO2 ﬁeld are ob-
served. These regions are at the subtropics (10–30◦) and at
Fig. 4. Top panel: vertical and latitudinal distribution of NO2 num-
ber density for orbit 35499 on 14 December 2008 retrieved by the
2-D approach (color plot with solid contourlines) and 1-D approach
(dashed contourlines). Middle and bottom panels: absolute and
relative difference between 1-D and 2-D approach for the retrieval
boxes. Boxes, where the retrieval error is larger than the difference,
are shaded by a diagonal pattern.
Although also other factors control the abundance of the
short lived species NO2, a correlation to the strong gradients
of N2O observed by Randel et al. (1993) is found, e.g. across
the tropical barrier the gradients of both tracers show an op-
posite trend for the same latitude interval.
Generally, the differences found between the 1-D and 2-D
retrievals are in accord with the results in Puk ¸¯ ıte et al. (2008):
for regions at 10–30◦ S, around 60◦ S and at 40–60◦ N the
number density of NO2 decreases along the LOS towards the
instrument (i.e. the gradient is negative). Therefore, since the
instrumentismoresensitivetothenearlimbside(i.e.theside
between TP and the instrument), the lower number density
ﬁeld closer to the instrument dominates the observed SCDs
and thus less NO2 is retrieved by the 1-D approach. In con-
trast, for the northern subtropical region (10–30◦ N), where
a weak positive gradient along the LOS is found, the instru-
ment sees the higher number density ﬁeld at the near limb
side and, consequently under the assumption of a homoge-
neous NO2 distribution in the 1-D forward model, a larger
number density is retrieved wrongly for the location of the
TH.
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Fig. 5. Same as Fig. 4 but for orbit 35503.
the midlatitudes (around 40–60◦) in both hemispheres. In
particular, in the summer hemisphere (i.e. the southern hemi-
sphere in December), subtropical transport barriers strongly
impact the stratospheric circulation patterns, affecting the
latitudinal distribution of different trace gases in the strato-
sphere like e.g. H2O and N2O (Randel et al., 1993; Brasseur
and Solomon, 2005), CH4 (Russell et al., 1993) as well as
aerosols (Trepte and Hitchman, 1992). On the other hand, in
the winter hemisphere weaker gradients from the subtropics
(i.e.10◦ N)northwardsoccurbecauseofrathereffectivemix-
ing of air masses in this season with a stronger gradient only
at the northern part of the midlatitudes due to the polar vor-
tex. Since the main source of stratospheric NO2 is the reac-
tion of O(1D) with the long-lived tracer N2O, these transport
barriers also impact the distribution of NO2. Although also
other factors control the abundance of the short lived species
NO2, a correlation to the strong gradients of N2O observed
by Randel et al. (1993) is found, e.g. across the tropical bar-
rier the gradients of both tracers show an opposite trend for
the same latitude interval.
Generally, the differences found between the 1-D and 2-D
retrievals are in accord with the results in Puk ¸¯ ıte et al. (2008):
for regions at 10–30◦ S, around 60◦ S and at 40–60◦ N the
number density of NO2 decreases along the LOS towards the
instrument (i.e. the gradient is negative). Therefore, since the
instrumentismoresensitivetothenearlimbside(i.e.theside
between TP and the instrument), the lower number density
ﬁeld closer to the instrument dominates the observed SCDs
and thus less NO2 is retrieved by the 1-D approach. In con-
trast, for the northern subtropical region (10–30◦ N), where
a weak positive gradient along the LOS is found, the instru-
ment sees the higher number density ﬁeld at the near limb
side and, consequently under the assumption of a homoge-
neous NO2 distribution in the 1-D forward model, a larger
number density is retrieved wrongly for the location of the
TH.
Note that also the statistical component of the retrieval er-
ror might cause part of the variations in the differences be-
tween 1-D and 2-D retrieval therefore the retrieval must have
a certain precision in order to obtain a signiﬁcant improve-
ment by the 2-D approach. In particular for lower altitudes
(below 20km) where the NO2 number density is relatively
small compared to values at the peak altitude (25–30km),
this retrieval error is on the order of the correction due to the
gradient effect (i.e. the relative difference between the 1-D
and 2-D retrieval). The magnitude of these two quantities,
i.e. the retrieval error (determined from the a-priori settings
and the SCD retrieval error, K¨ uhl et al., 2008, by the opti-
mal estimation method, Rodgers, 2000) and the difference
between the 1-D and 2-D retrieval are compared in Figs. 4
and 5 (in the middle and bottom panels): areas for which the
retrieval error is larger than the difference between the 1-D
and 2-D retrieval are shaded to distinguish them from those
areas where the correction for the gradient effect is signiﬁ-
cant. It can be seen that for regions near e.g. the southern
subtropics (10–30◦ S) or the southern part of the southern
midlatitudes (around 60◦ S in Fig. 4) or the northern midlati-
tudes (around 40–60◦ N in Fig. 5) the gradient effect is larger
than the retrieval error. For both orbits, differences between
the 1-D and 2-D retrieval are around 10% just below the peak
(approx. 30 to 25km for the tropics and below 20 to 25km
for midlatitudes) and increase up to 30 or even 40% for alti-
tudes around 20km. Although rather similar absolute values
of the effect appear at midlatitudes of both hemispheres, the
relative effect is larger at the northern polar vortex bound-
ary because of lower NO2 number density (see the values at
50–60◦ N in Fig. 5, bottom panel).
Comparing the results for the individual orbits with those
of the mean of all full limb orbits (see Fig. 6), it appears that
the differences between 1-D and 2-D retrieval are system-
atic and the regions where the difference is larger than the
retrieval error mainly appear at the locations of the strato-
spheric transport barriers (compare Randel et al., 1993).
Also for the mean, an increase of up to 2×108 molec./cm3
for the 2-D retrieval with respect to 1-D retrieval can be
seen at the southern part of the tropics and the southern
part of the midlatitudes for altitudes that are below 20 to
25km. This corresponds to 10–20% of the number density
at the proﬁle peak or ∼40% of the actual values. Also, a
smaller increase at the midlatitudes of the northern hemi-
sphere (∼0.5×108 molec./cm3) is observed, which is up to
10% of the NO2 number density at the proﬁle peak. Com-
pared to the differences found for individual orbits, smaller
differences are found for the mean because of (1) the im-
Fig. 5. Same as Fig. 4 but for orbit 35503.
Note that also the statistical component of the retrieval er-
ror might cause part of the variations in the differences be-
tween 1-D and 2-D retrieval therefore the retrieval must have
a certain precision in order to obtain a signiﬁcant improve-
ment by the 2-D approach. In particular for lower altitudes
(below 20km) where the NO2 number density is relatively
small compared to values at the peak altitude (25–30km),
this retrieval error is on the order of the correction due to the
gradient effect (i.e. the relative difference between the 1-D
and 2-D retrieval). The magnitude of these two quantities,
i.e. the retrieval error (determined from the a-priori settings
and the SCD retrieval error, K¨ uhl et al., 2008, by the opti-
mal estimation method, Rodgers, 2000) and the difference
between the 1-D and 2-D retrieval are compared in Figs. 4
and 5 (in the middle and bottom panels): areas for which the
retrieval error is larger than the difference between the 1-D
and 2-D retrieval are shaded to distinguish them from those
areas where the correction for the gradient effect is signiﬁ-
cant. It can be seen that for regions near e.g. the southern
subtropics (10–30◦ S) or the southern part of the southern
midlatitudes (around 60◦ S in Fig. 4) or the northern midlati-
tudes (around 40–60◦ N in Fig. 5) the gradient effect is larger
than the retrieval error. For both orbits, differences between
the 1-D and 2-D retrieval are around 10% just below the peak
(approx. 30 to 25km for the tropics and below 20 to 25km
for midlatitudes) and increase up to 30 or even 40% for alti-
tudes around 20km. Although rather similar absolute values
of the effect appear at midlatitudes of both hemispheres, the
relative effect is larger at the northern polar vortex boundary
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because of lower NO2 number density (see the values at 50–
60◦ N in Fig. 5, bottom panel).
Comparing the results for the individual orbits with those
of the mean of all full limb orbits (see Fig. 6), it appears that
the differences between 1-D and 2-D retrieval are system-
atic and the regions where the difference is larger than the
retrieval error mainly appear at the locations of the strato-
spherictransportbarriers(compareRandeletal.,1993). Also
for the mean, an increase of up to 2×108 molec./cm3 for
the 2-D retrieval with respect to 1-D retrieval can be seen
at the southern part of the tropics and the southern part of
the midlatitudes for altitudes that are below 20 to 25km.
This corresponds to 10–20% of the number density at the
proﬁle peak or ∼40% of the actual values. Also, a smaller
increase at the midlatitudes of the Northern Hemisphere
(∼0.5×108 molec./cm3) is observed, which is up to 10% of
the NO2 number density at the proﬁle peak. Compared to the
differences found for individual orbits, smaller differences
are found for the mean because of (1) the improved statistics
because statistical retrieval errors of single orbits are (partly)
averaged out and (2) averaging the longitudinal variability
of the stratospheric transport barriers. This variability can
be seen comparing the results for different orbits (compare
Figs. 4 and 5), where for orbit 35499 the largest gradient
at the subtropics occurs at 10-15◦S but for orbit 35503 at
∼18◦ S. For the northern midlatitudes (40–60◦ N) the varia-
tion is even larger, showing a strong gradient for orbit 35503
but almost no gradient for orbit 35499.
3.2 Studyingapossibilityforextendingthe2-Dretrieval
for the nominal SCIAMACHY orbit by an
interpolation constraint
If the distance between consecutive limb scanning sequences
is 7.5◦, as for the nominal SCIAMACHY measurement
mode, the sensitivity regions of the scanning sequences are
not sufﬁciently overlapping. Therefore, a direct application
of the 2-D approach for these measurements is not possible
without causing systematic errors comparable with those by
the 1-D approach. In Sect. 2.3 we proposed a possibility to
overcome this problem by an interpolation approach. In the
followingwestudyifthisapproachcanbeappliedtoimprove
the proﬁle retrieval in cases of strong gradients also for the
nominal SCIAMACHY orbit.
The full limb mode orbits offer the opportunity to test the
performance of this approach simply by skipping every sec-
ond limb scanning sequence in the retrieval and thus obtain-
ing a resolution of 6.7◦ which is close to the nominal opera-
tional mode of the SCIAMACHY measurements. The results
obtained by the interpolation approach for this resolution can
then be compared with the values of the 2-D retrieval applied
on all scanning sequences.
The comparison for the retrieved number density ﬁelds is
shown as difference to the 2-D approach in Fig. 7 for or-
bit 35499 when the interpolation approach is applied on the
6 J. Puk ¸¯ ıte et al.: 2-D retrieval from limb only measurements
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Fig. 6. Top panel: vertical and latitudinal distribution of the mean
NO2 number density for all six full limb orbits on 14 December
2008 retrieved by the 2-D approach (color plot with solid con-
tourlines) and the 1-D approach (dashed contourlines). Middle
and bottom panels: absolute and relative difference between results
from the 1-D and 2-D approach for the retrieval boxes. Boxes where
the retrieval error is larger than the difference are shaded by a diag-
onal pattern.
proved statistics because statistical retrieval errors of single
orbits are (partly) averaged out and (2) averaging the longitu-
dinal variability of the stratospheric transport barriers. This
variability can be seen comparing the results for different
orbits (compare Figs. 4 and 5), where for orbit 35499 the
largest gradient at the subtropics occurs at 10-15◦S but for
orbit 35503 at ∼18◦ S. For the northern midlatitudes (40–
60◦ N) the variation is even larger, showing a strong gradient
for orbit 35503 but almost no gradient for orbit 35499.
3.2 Studyingapossibilityforextendingthe2-Dretrieval
for the nominal SCIAMACHY orbit by an interpo-
lation constraint
If the distance between consecutive limb scanning sequences
is 7.5◦, as for the nominal SCIAMACHY measurement
mode, the sensitivity regions of the scanning sequences are
not sufﬁciently overlapping. Therefore, a direct application
of the 2-D approach for these measurements is not possible
without causing systematic errors comparable with those by
the 1-D approach. In Sect. 2.3 we proposed a possibility to
overcome this problem by an interpolation approach. In the
followingwestudyifthisapproachcanbeappliedtoimprove
the proﬁle retrieval in cases of strong gradients also for the
nominal SCIAMACHY orbit.
The full limb mode orbits offer the opportunity to test the
performance of this approach simply by skipping every sec-
ond limb scanning sequence in the retrieval and thus obtain-
ing a resolution of 6.7◦ which is close to the nominal opera-
tional mode of the SCIAMACHY measurements. The results
obtained by the interpolation approach for this resolution can
then be compared with the values of the 2-D retrieval applied
on all scanning sequences.
The comparison for the retrieved number density ﬁelds is
shown as difference to the 2-D approach in Fig. 7 for or-
bit 35499 when the interpolation approach is applied on the
odd numbered scanning sequences. For even numbered scan-
ning sequences, not shown in the ﬁgure, similar discrepan-
cies are found. A slightly better agreement with the 2-D
retrieval is obtained by the interpolation approach than by
the 1-D approach. However, large differences still appear
for regions where the gradient is not changing gradually but
e.g. changes its sign during the distance of two consecutive
limb scanning sequences (e.g. at 38◦ S in Fig. 4), as seen in
the second and bottom panel in Fig. 7. Nevertheless, for ar-
easwithagradualincreaseofthenumberdensitywherelarge
differences are found for 1-D retrieval, more correct number
densities with respect to the 2-D approach are retrieved by
the interpolation approach (e.g. at 10◦–20◦ S and 55◦ S or
20◦–30◦ N, compare upper panel with the second panel from
top). Also, for the mean of the retrieval of all full limb orbits,
a better agreement with the 2-D retrieval can be seen for the
interpolation approach than for the 1-D retrieval in the two
bottom panels. However, the differences to the 2-D retrieval
are in average only ∼25% smaller than for the 1-D retrieval
for all limb orbits. Thus, only a small fraction of the gradient
effect can be corrected.
Thepossibilitytoimprovetheretrievalbytheinterpolation
approach is studied here for the actual SCIAMACHY full
limb orbits measured by SCIAMACHY, in Sect. 4 it is also
veriﬁed by sensitivity studies on simulated data.
3.3 Impact of the gradient strength in the NO2 distribu-
tion on the retrieved NO2 proﬁles
In the following, we systematically investigate the relation
between the steepness of the NO2 gradient and its effect on
the proﬁle retrieval, i.e. the difference between the results ac-
quired by the 1-D and 2-D approach. We study the gradient
effect for the retrieved number densities at different altitudes
(16–40km) as well as for the stratospheric columns of NO2
for all full limb orbits and all latitudes. The gradient strength
G (for every horizontal altitude layer) is determined from the
2-D retrieval by calculating the difference of the retrieved
number density n for a particular latitude region i to the pre-
vious latitude region i−1 along the LOS towards the instru-
Fig. 6. Top panel: vertical and latitudinal distribution of the mean
NO2 number density for all six full limb orbits on 14 December
2008 retrieved by the 2-D approach (color plot with solid con-
tourlines) and the 1-D approach (dashed contourlines). Middle
and bottom panels: absolute and relative difference between results
from the 1-D and 2-D approach for the retrieval boxes. Boxes where
the retrieval error is larger than the difference are shaded by a diag-
onal pattern.
odd numbered scanning sequences. For even numbered scan-
ning sequences, not shown in the ﬁgure, similar discrepan-
cies are found. A slightly better agreement with the 2-D
retrieval is obtained by the interpolation approach than by
the 1-D approach. However, large differences still appear
for regions where the gradient is not changing gradually but
e.g. changes its sign during the distance of two consecutive
limb scanning sequences (e.g. at 38◦ S in Fig. 4), as seen in
the second and bottom panel in Fig. 7. Nevertheless, for ar-
easwithagradualincreaseofthenumberdensitywherelarge
differences are found for 1-D retrieval, more correct number
densities with respect to the 2-D approach are retrieved by
the interpolation approach (e.g. at 10◦–20◦ S and 55◦ S or
20◦–30◦ N, compare upper panel with the second panel from
top). Also, for the mean of the retrieval of all full limb orbits,
a better agreement with the 2-D retrieval can be seen for the
interpolation approach than for the 1-D retrieval in the two
bottom panels. However, the differences to the 2-D retrieval
are in average only ∼25% smaller than for the 1-D retrieval
for all limb orbits. Thus, only a small fraction of the gradient
effect can be corrected.
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Fig. 7. Differences between the 1-D and 2-D retrieval (plotted for
even scanning sequences) are shown in the ﬁrst and third panel from
top in comparison with the differences between the retrieval with
interpolation approach (applied for even scanning sequences) and
the 2-D retrieval (second and bottom panel). The ﬁrst two panels
showthedifferencesfora singleorbit(34599), theremainingpanels
the differences for the mean of all full limb orbits.
ment (i.e. northward), normalized by the distance d (in terms
ofdegreesoforbitalcycle)betweenthesetwomeasurements:
G =
ni−1 − ni
d
(5)
With this deﬁnition, the gradient is positive when the num-
ber density along the LOS towards the instrument increases
and negative when it decreases.
Figure 8 shows the difference of the number density re-
trieved by the 1-D and the 2-D retrievals at 22.5km altitude
as function of the gradient at 25.5km altitude for all full limb
orbits. A clear linear dependency (squared correlation co-
efﬁcient r2=0.82) on the steepness of the gradient is found:
a gradient in the number density of 108 molec./cm3 per de-
gree of the orbital circle of the satellite results in a difference
of the number density of 2.1×108 molec./cm3 (for the later
scanning sequence) between both approaches.
To illustrate this effect also for other altitudes, Fig. 9 (left
panel) shows the squared correlation coefﬁcients (r2) be-
tween the gradient strength and the difference between both
approaches as a function of the gradient altitude (y-axis) and
the altitude of the difference (x-axis). The strongest cor-
relation is found for altitudes that are immediately below
(i.e. ∼3km) the altitude of the gradient. This is expected
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Fig. 8. Difference between the number density retrieved by the 1-D
and 2-D approaches at 22.5km as function of the horizontal gradi-
ent of the number density at 25.5km as observed for the 2-D re-
trieval for all measurements of the full limb orbits on 14 December
2008. Also shown is the line of the best ﬁt to the observed differ-
ences. Equation for the line of the best ﬁt and squared correlation
coefﬁcient r
2 are provided in the title.
because the LOS crosses the number density ﬁeld of the pre-
vious scanning sequence (for which the gradients are calcu-
lated) at higher altitudes before reaching the tangent point
of the measurement (compare Fig. 2). The largest correla-
tion (squared correlation coefﬁcient r2>0.8) occurs for gra-
dient altitudes where the proﬁle usually peaks (25–33km),
since here the effect from other altitudes and also the relative
retrieval error is smaller. On the other hand, when the dif-
ference between the altitude of the gradient and that of the
number density to be retrieved increases, the correlation de-
creases. This can be explained by the fact that the length of
the LOS that passes the ﬁeld with the gradient decreases and
therefore the retrieved number density is affected more by
NO2 numberdensitiesataltitudesthatareclosertothepartic-
ular altitude. Likewise, for differences that appear above the
altitude of the gradient, the squared correlation coefﬁcient is
close to zero because the LOS does not cross the altitudes be-
low. For cases with a large correlation, the value of the slope
of the line of the best ﬁt is in the range of 1.5–2.5degrees for
gradients below 38km.
Since there is a strong effect of a gradient at a certain
altitude for a wide altitude range below, the effect on the
stratospheric NO2 column is also signiﬁcant. Fig. 10 (left
panel) shows the scatter plot with the slope of the line
of the best ﬁt for the retrieved stratospheric column (inte-
grated from 15–42km). A gradient in the vertical column of
1×1014 molec./cm2 per degree of the Earth circle typically
leads to a difference of ∼2.3×1014 molec./cm2 between both
Fig. 7. Differences between the 1-D and 2-D retrieval (plotted for
even scanning sequences) are shown in the ﬁrst and third panel from
top in comparison with the differences between the retrieval with
interpolation approach (applied for even scanning sequences) and
the 2-D retrieval (second and bottom panel). The ﬁrst two panels
show the differences for a single orbit (34599), the remaining panels
the differences for the mean of all full limb orbits.
Thepossibilitytoimprovetheretrievalbytheinterpolation
approach is studied here for the actual SCIAMACHY full
limb orbits measured by SCIAMACHY, in Sect. 4 it is also
veriﬁed by sensitivity studies on simulated data.
3.3 Impact of the gradient strength in the NO2
distribution on the retrieved NO2 proﬁles
In the following, we systematically investigate the relation
between the steepness of the NO2 gradient and its effect on
the proﬁle retrieval, i.e. the difference between the results ac-
quired by the 1-D and 2-D approach. We study the gradient
effect for the retrieved number densities at different altitudes
(16–40km) as well as for the stratospheric columns of NO2
for all full limb orbits and all latitudes. The gradient strength
G (for every horizontal altitude layer) is determined from the
2-D retrieval by calculating the difference of the retrieved
number density n for a particular latitude region i to the pre-
vious latitude region i−1 along the LOS towards the instru-
ment (i.e. northward), normalized by the distance d (in terms
ofdegreesoforbitalcycle)betweenthesetwomeasurements:
G=
ni−1−ni
d
(5)
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Fig. 7. Differences between the 1-D and 2-D retrieval (plotted for
even scanning sequences) are shown in the ﬁrst and third panel from
top in comparison with the differences between the retrieval with
interpolation approach (applied for even scanning sequences) and
the 2-D retrieval (second and bottom panel). The ﬁrst two panels
showthedifferencesfora singleorbit(34599), theremainingpanels
the differences for the mean of all full limb orbits.
ment (i.e. northward), normalized by the distance d (in terms
ofdegreesoforbitalcycle)betweenthesetwomeasurements:
G =
ni−1 − ni
d
(5)
With this deﬁnition, the gradient is positive when the num-
ber density along the LOS towards the instrument increases
and negative when it decreases.
Figure 8 shows the difference of the number density re-
trieved by the 1-D and the 2-D retrievals at 22.5km altitude
as function of the gradient at 25.5km altitude for all full limb
orbits. A clear linear dependency (squared correlation co-
efﬁcient r2=0.82) on the steepness of the gradient is found:
a gradient in the number density of 108 molec./cm3 per de-
gree of the orbital circle of the satellite results in a difference
of the number density of 2.1×108 molec./cm3 (for the later
scanning sequence) between both approaches.
To illustrate this effect also for other altitudes, Fig. 9 (left
panel) shows the squared correlation coefﬁcients (r2) be-
tween the gradient strength and the difference between both
approaches as a function of the gradient altitude (y-axis) and
the altitude of the difference (x-axis). The strongest cor-
relation is found for altitudes that are immediately below
(i.e. ∼3km) the altitude of the gradient. This is expected
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Fig. 8. Difference between the number density retrieved by the 1-D
and 2-D approaches at 22.5km as function of the horizontal gradi-
ent of the number density at 25.5km as observed for the 2-D re-
trieval for all measurements of the full limb orbits on 14 December
2008. Also shown is the line of the best ﬁt to the observed differ-
ences. Equation for the line of the best ﬁt and squared correlation
coefﬁcient r
2 are provided in the title.
because the LOS crosses the number density ﬁeld of the pre-
vious scanning sequence (for which the gradients are calcu-
lated) at higher altitudes before reaching the tangent point
of the measurement (compare Fig. 2). The largest correla-
tion (squared correlation coefﬁcient r2>0.8) occurs for gra-
dient altitudes where the proﬁle usually peaks (25–33km),
since here the effect from other altitudes and also the relative
retrieval error is smaller. On the other hand, when the dif-
ference between the altitude of the gradient and that of the
number density to be retrieved increases, the correlation de-
creases. This can be explained by the fact that the length of
the LOS that passes the ﬁeld with the gradient decreases and
therefore the retrieved number density is affected more by
NO2 numberdensitiesataltitudesthatareclosertothepartic-
ular altitude. Likewise, for differences that appear above the
altitude of the gradient, the squared correlation coefﬁcient is
close to zero because the LOS does not cross the altitudes be-
low. For cases with a large correlation, the value of the slope
of the line of the best ﬁt is in the range of 1.5–2.5degrees for
gradients below 38km.
Since there is a strong effect of a gradient at a certain
altitude for a wide altitude range below, the effect on the
stratospheric NO2 column is also signiﬁcant. Fig. 10 (left
panel) shows the scatter plot with the slope of the line
of the best ﬁt for the retrieved stratospheric column (inte-
grated from 15–42km). A gradient in the vertical column of
1×1014 molec./cm2 per degree of the Earth circle typically
leads to a difference of ∼2.3×1014 molec./cm2 between both
Fig. 8. Difference between the number density retrieved by the 1-D
and 2-D approaches at 22.5km as function of the horizontal gradi-
ent of the number density at 25.5km as observed for the 2-D re-
trieval for all measurements of the full limb orbits on 14 December
2008. Also shown is the line of the best ﬁt to the observed differ-
ences. Equation for the line of the best ﬁt and squared correlation
coefﬁcient r2 are provided in the title.
With this deﬁnition, the gradient is positive when the num-
ber density along the LOS towards the instrument increases
and negative when it decreases.
Figure 8 shows the difference of the number density re-
trieved by the 1-D and the 2-D retrievals at 22.5km altitude
as function of the gradient at 25.5km altitude for all full limb
orbits. A clear linear dependency (squared correlation co-
efﬁcient r2=0.82) on the steepness of the gradient is found:
a gradient in the number density of 108 molec./cm3 per de-
gree of the orbital circle of the satellite results in a difference
of the number density of 2.1×108 molec./cm3 (for the later
scanning sequence) between both approaches.
To illustrate this effect also for other altitudes, Fig. 9 (left
panel) shows the squared correlation coefﬁcients (r2) be-
tween the gradient strength and the difference between both
approaches as a function of the gradient altitude (y-axis) and
the altitude of the difference (x-axis). The strongest cor-
relation is found for altitudes that are immediately below
(i.e. ∼3km) the altitude of the gradient. This is expected
because the LOS crosses the number density ﬁeld of the pre-
vious scanning sequence (for which the gradients are calcu-
lated) at higher altitudes before reaching the tangent point
of the measurement (compare Fig. 2). The largest correla-
tion (squared correlation coefﬁcient r2>0.8) occurs for gra-
dient altitudes where the proﬁle usually peaks (25–33km),
since here the effect from other altitudes and also the relative
retrieval error is smaller. On the other hand, when the dif-
ference between the altitude of the gradient and that of the
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Fig. 9. Left: squared correlation coefﬁcient (r
2) between gradients (calculated by Eq. 4) occurring at different altitudes and the difference
between the 1-D and 2-D retrieval. Right: same as before but now the slope of the line of the best ﬁt is shown. Values for the example plotted
in Fig. 8 are indicated with a crossed circle.
approaches. Relative values for the analyzed orbits are indi-
cated in the right panel of Fig. 10. It shows that most gra-
dients for the stratospheric column are within an interval of
±5% per degree of the orbital circle resulting in a difference
of ∼10% in the obtained vertical column for the consecutive
scanning sequence.
It should be noted that the retrieval is affected by statistical
and systematical errors of the SCDs that further affect the re-
trieved number density proﬁle. Since the difference and the
gradient is calculated partly involving the same data (of the
2-D retrieval), the above study may partially be affected by
these errors. However, as will be shown in Sect. 4 in sensitiv-
ity studies performed for simulated NO2 distributions, simi-
lar correlations below the proﬁle peak are found, also when
the gradient is determined from the NO2 distribution known
before hand.
A possibility to reduce the effect of the retrieval error on
the statistical relation between the gradient and the difference
between the 1-D and the 2-D retrieval for the measured data
would be to study in how far a gradient between some scan-
ningsequencesimpactsthosescanningsequencesthatarenot
involvedin thegradientcalculation. However, since theover-
lap in the sensitivity regions occurs only for two consecutive
scanning sequences (as demonstrated later in the sensitivity
studies), no trend is found if a correlation plot is made for
the gradient between the ﬁrst and second scanning sequence
and the difference for the following third scanning sequence.
Such an effect would be possible only if the measurements
were performed on an even ﬁner grid (distance between two
limb scanning sequences smaller than 2◦).
4 Studies on simulated data: veriﬁcation and quantiﬁ-
cation of the proﬁle retrieval correction by the 2-D ap-
proach
In this section we perform various sensitivity studies to in-
vestigate the effect of horizontal gradients in the NO2 distri-
bution on the proﬁles retrieved by the different 1-D and 2-D
approaches. By applying the results of a model simulation
from which the NO2 distribution is well-known beforehand,
the corresponding SCDs are calculated applying the RTM
McArtim. Using these calculated NO2 SCDs as input for
the different retrieval approaches, the obtained proﬁles are
then compared to the original (true) number density ﬁeld. As
NO2 distribution ﬁeld for the SCD simulation we apply ﬁrst
a simple linear gradient and later more realistic seasonal and
latitudinal dependent NO2 distributions obtained from the at-
mospheric chemistry model EMAC (J¨ ockel et al., 2006).
We also investigate the effect of the gradient strength on
the systematic retrieval errors, i.e. the discrepancy between
the retrieved and simulated (true) number densities and com-
pare the results to those obtained by for the actual SCIA-
MACHY measurements. Further, studies on the estimation
of the optimal distance between consecutive scanning se-
quences are performed.
4.1 Simulation of a linear gradient
For simulations of a simple scenario with a linear gradient, a
stepwise gradient on a 20times ﬁner latitudinal grid than the
measurement grid of the full limb orbits of SCIAMACHY is
assumed for the SCD calculation. The proﬁle is assumed to
Fig. 9. Left: squared correlation coefﬁcient (r2) between gradients (calculated by Eq. 4) occurring at different altitudes and the difference
between the 1-D and 2-D retrieval. Right: same as before but now the slope of the line of the best ﬁt is shown. Values for the example plotted
in Fig. 8 are indicated with a crossed circle. J. Puk ¸¯ ıte et al.: 2-D retrieval from limb only measurements 9
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Fig. 10. Scatter plot between the gradient in the stratospheric NO2 columns between 15 and 40km as observed for the 2-D retrieval (between
two consecutive scanning sequences) and the difference between the NO2 columns retrieved by the 1-D and 2-D approach. On the left panel:
scatter plots between absolute values, on the right: the same for relative values (normalized by the vertical column acquired by the 2-D
retrieval). Also shown are the lines of the best ﬁt to the observed differences. Equations for the lines of the best ﬁt and squared correlation
coefﬁcients r
2 are provided in the titles.
be of Gaussian shape with the peak at 28.5km and a width
of one standard deviation of 6km (FWHM ∼14km). The se-
lected width approximately corresponds to the width of the
NO2 proﬁle in the southern midlatitudes in December (deter-
minedfrommeasurementsandmodeldata). Wesimulatedif-
ferent strengths of the linear gradient for which we calculate
SCDs, that are later inverted by the 2-D or 1-D approaches,
respectively.
In Fig. 11 an example for a case with a gradient from
5×108 molec./cm3 at 50◦ N to 10×108 molec./cm3 at 40◦ N
(i.e. 0.5×108 molec./cm3 per degree of the orbital circle in an
interval of 10degrees in latitude) at the proﬁle peak is shown.
The left plot in the upper row shows the number density ﬁeld
used for the calculation of the SCDs. The number density
ﬁeld interpolated on the SCIAMACHY measurement and re-
trieval grid is given on the upper right plot.
In the second row from top the number density ﬁeld re-
trieved by the 1-D (on the left) and the 2-D approach (on
the right) is shown. The third and bottom rows on the re-
spective sides provide the absolute and relative differences
to the interpolated simulation (true) ﬁeld. Qualitatively, the
results agree with the ﬁndings in Puk ¸¯ ıte et al. (2008) show-
ing a much better agreement with the true number densities
for the 2-D approach than for the 1-D approach. For the
latter, a signiﬁcant disagreement especially for altitudes be-
low the peak of the proﬁle is observed. Quantitatively, the
example in Fig. 11 shows that the gradient at the peak of
0.5×108 molec./cm3 per degree of the orbital circle and the
respective gradient for other altitudes (according to the Gaus-
sian proﬁle function) leads to a systematic retrieval error of
around 1×108 molec./cm3 for the 1-D retrieval for altitudes
at 20km. This corresponds to the ﬁndings in Sect. 3.3 where
a very similar relation is observed (see Fig. 9, right panel),
i.e. the gradient ﬁeld at certain altitudes results in a discrep-
ancy for the retrieval at altitudes below. For higher altitudes
however, the number of altitude levels and thus the column
of NO2 above decrease, therefore the effect reduces. Thus,
for the altitude of 25km, just below the proﬁle peak, the error
is only 0.5×108 molec./cm3, i.e. only half of the discrepancy
below.
Due to the assumed linear gradient occurring at all alti-
tudes, the scatter plots and slopes of the line of the best ﬁt
look different for the simulations (see Fig. 12) than for the
real measurements (compare with Fig. 9). Since a similar
linear gradient with constant slopes at all altitudes is simu-
lated, the gradient at any altitude causes the same correlation
with the difference in number density at any particular al-
titude (see left panel). The correlation, however, is larger
for differences below the proﬁle peak because they are larger
here and hence relatively less affected by the retrieval error.
The slope of the line of the best ﬁt (see right panel), however,
isincreasedforaltitudesaboveandbelowtheproﬁlepeakbe-
cause the differences are correlated with smaller gradients at
these altitudes.
4.1.1 Latitudinal interval affected by the gradient
As seen in Fig. 11 (bottom row, left plot), the difference
between the 1-D approach and the true NO2 distribution is
Fig. 10. Scatter plot between the gradient in the stratospheric NO2 columns between 15 and 40km as observed for the 2-D retrieval (between
two consecutive scanning sequences) and the difference between the NO2 columns retrieved by the 1-D and 2-D approach. On the left panel:
scatter plots between absolute values, on the right: the same for relative values (normalized by the vertical column acquired by the 2-D
retrieval). Also shown are the lines of the best ﬁt to the observed differences. Equations for the lines of the best ﬁt and squared correlation
coefﬁcients r2 are provided in the titles.
number density to be retrieved increases, the correlation de-
creases. This can be explained by the fact that the length of
the LOS that passes the ﬁeld with the gradient decreases and
therefore the retrieved number density is affected more by
NO2 numberdensitiesataltitudesthatareclosertothepartic-
ular altitude. Likewise, for differences that appear above the
altitude of the gradient, the squared correlation coefﬁcient is
close to zero because the LOS does not cross the altitudes be-
low. For cases with a large correlation, the value of the slope
of the line of the best ﬁt is in the range of 1.5–2.5degrees for
gradients below 38km.
Since there is a strong effect of a gradient at a certain
altitude for a wide altitude range below, the effect on the
stratospheric NO2 column is also signiﬁcant. Fig. 10 (left
panel) shows the scatter plot with the slope of the line of
the best ﬁt for the retrieved stratospheric column (integrated
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from 15–42km). A gradient in the vertical column of
1×1014 molec./cm2 per degree of the Earth circle typically
leads to a difference of ∼2.3×1014 molec./cm2 between both
approaches. Relative values for the analyzed orbits are indi-
cated in the right panel of Fig. 10. It shows that most gra-
dients for the stratospheric column are within an interval of
±5% per degree of the orbital circle resulting in a difference
of ∼10% in the obtained vertical column for the consecutive
scanning sequence.
It should be noted that the retrieval is affected by statistical
and systematical errors of the SCDs that further affect the re-
trieved number density proﬁle. Since the difference and the
gradient is calculated partly involving the same data (of the
2-D retrieval), the above study may partially be affected by
these errors. However, as will be shown in Sect. 4 in sensitiv-
ity studies performed for simulated NO2 distributions, simi-
lar correlations below the proﬁle peak are found, also when
the gradient is determined from the NO2 distribution known
before hand.
A possibility to reduce the effect of the retrieval error on
the statistical relation between the gradient and the difference
between the 1-D and the 2-D retrieval for the measured data
would be to study in how far a gradient between some scan-
ningsequencesimpactsthosescanningsequencesthatarenot
involvedinthe gradient calculation. However, sincetheover-
lap in the sensitivity regions occurs only for two consecutive
scanning sequences (as demonstrated later in the sensitivity
studies), no trend is found if a correlation plot is made for
the gradient between the ﬁrst and second scanning sequence
and the difference for the following third scanning sequence.
Such an effect would be possible only if the measurements
were performed on an even ﬁner grid (distance between two
limb scanning sequences smaller than 2◦).
4 Studies on simulated data: veriﬁcation and
quantiﬁcation of the proﬁle retrieval correction by
the 2-D approach
In this section we perform various sensitivity studies to in-
vestigate the effect of horizontal gradients in the NO2 distri-
bution on the proﬁles retrieved by the different 1-D and 2-D
approaches. By applying the results of a model simulation
from which the NO2 distribution is well-known beforehand,
the corresponding SCDs are calculated applying the RTM
McArtim. Using these calculated NO2 SCDs as input for
the different retrieval approaches, the obtained proﬁles are
then compared to the original (true) number density ﬁeld. As
NO2 distribution ﬁeld for the SCD simulation we apply ﬁrst
a simple linear gradient and later more realistic seasonal and
latitudinal dependent NO2 distributions obtained from the at-
mospheric chemistry model EMAC (J¨ ockel et al., 2006).
We also investigate the effect of the gradient strength on
the systematic retrieval errors, i.e. the discrepancy between
the retrieved and simulated (true) number densities and com-
pare the results to those obtained by for the actual SCIA-
MACHY measurements. Further, studies on the estimation
of the optimal distance between consecutive scanning se-
quences are performed.
4.1 Simulation of a linear gradient
For simulations of a simple scenario with a linear gradient, a
stepwise gradient on a 20times ﬁner latitudinal grid than the
measurement grid of the full limb orbits of SCIAMACHY is
assumed for the SCD calculation. The proﬁle is assumed to
be of Gaussian shape with the peak at 28.5km and a width
of one standard deviation of 6km (FWHM ∼14km). The se-
lected width approximately corresponds to the width of the
NO2 proﬁle in the southern midlatitudes in December (deter-
minedfrommeasurementsandmodeldata). Wesimulatedif-
ferent strengths of the linear gradient for which we calculate
SCDs, that are later inverted by the 2-D or 1-D approaches,
respectively.
In Fig. 11 an example for a case with a gradient from
5×108 molec./cm3 at 50◦ N to 10×108 molec./cm3 at 40◦ N
(i.e. 0.5×108 molec./cm3 per degree of the orbital circle in an
interval of 10degrees in latitude) at the proﬁle peak is shown.
The left plot in the upper row shows the number density ﬁeld
used for the calculation of the SCDs. The number density
ﬁeld interpolated on the SCIAMACHY measurement and re-
trieval grid is given on the upper right plot.
In the second row from top the number density ﬁeld re-
trieved by the 1-D (on the left) and the 2-D approach (on
the right) is shown. The third and bottom rows on the re-
spective sides provide the absolute and relative differences
to the interpolated simulation (true) ﬁeld. Qualitatively, the
results agree with the ﬁndings in Puk ¸¯ ıte et al. (2008) show-
ing a much better agreement with the true number densities
for the 2-D approach than for the 1-D approach. For the
latter, a signiﬁcant disagreement especially for altitudes be-
low the peak of the proﬁle is observed. Quantitatively, the
example in Fig. 11 shows that the gradient at the peak of
0.5×108 molec./cm3 per degree of the orbital circle and the
respective gradient for other altitudes (according to the Gaus-
sian proﬁle function) leads to a systematic retrieval error of
around 1×108 molec./cm3 for the 1-D retrieval for altitudes
at 20km. This corresponds to the ﬁndings in Sect. 3.3 where
a very similar relation is observed (see Fig. 9, right panel),
i.e. the gradient ﬁeld at certain altitudes results in a discrep-
ancy for the retrieval at altitudes below. For higher altitudes
however, the number of altitude levels and thus the column
of NO2 above decrease, therefore the effect reduces. Thus,
for the altitude of 25km, just below the proﬁle peak, the error
is only 0.5×108 molec./cm3, i.e. only half of the discrepancy
below.
Due to the assumed linear gradient occurring at all alti-
tudes, the scatter plots and slopes of the line of the best ﬁt
look different for the simulations (see Fig. 12) than for the
real measurements (compare with Fig. 9). Since a similar
www.atmos-meas-tech.net/3/1155/2010/ Atmos. Meas. Tech., 3, 1155–1174, 20101164 J. Puk ¸¯ ıte et al.: 2-D retrieval from limb only measurements 10 J. Puk ¸¯ ıte et al.: 2-D retrieval from limb only measurements
 
 
30 40 50 60
20
25
30
35
0
5
10
x 10
8
 
 
30 40 50 60
20
25
30
35
0
5
10
x 10
8
A
l
t
i
t
u
d
e
 
(
k
m
)
 
 
30 40 50 60
20
25
30
35
-2
-1
0
1
2
x 10
8
A
l
t
i
t
u
d
e
 
(
k
m
)
 
 
30 40 50 60
20
25
30
35
-40
-20
0
20
40
retrieval
true
absolute
difference
relative
difference
1 D
true
1 D
1 D
Latitude (o)
Latitude (o)
Latitude (o)
Latitude (o)
A
l
t
i
t
u
d
e
 
(
k
m
)
A
l
t
i
t
u
d
e
 
(
k
m
)
 
 
30 40 50 60
20
25
30
35
0
5
10
x 10
8
 
 
30 40 50 60
20
25
30
35
0
5
10
x 10
8
2D
on retrieval grid
A
l
t
i
t
u
d
e
 
(
k
m
)
 
 
30 40 50 60
20
25
30
35
-2
-1
0
1
2
x 10
8
A
l
t
i
t
u
d
e
 
(
k
m
)
 
 
30 40 50 60
20
25
30
35
-40
-20
0
20
40
2D
2D
Latitude (o)
Latitude (o)
Latitude (o)
Latitude (o)
A
l
t
i
t
u
d
e
 
(
k
m
)
A
l
t
i
t
u
d
e
 
(
k
m
)
N
u
m
b
e
r
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)
N
u
m
b
e
r
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)
N
u
m
b
e
r
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)
(
%
)
Fig. 11. Upper row left: assumed NO2 distribution with a negative gradient towards the instrument. Upper row right: the same proﬁles but
gridded on the SCIAMACHY retrieval grid. Second row: NO2 proﬁles obtained by the 1-D retrieval (left) and 2-D retrieval (right). The
absolute and relative differences between the original (true) proﬁle averaged on the SCIAMACHY retrieval grid and the retrievals for the
simulations are shown in the third and bottom row, respectively.
largest for latitudes around 42◦ N and 45◦ N. For the latitude
region around 48◦ N an approximately two times lower dis-
crepancy is observed, although the gradient occurs already
at 50◦ N southwards. Similarly, lower discrepancies are ob-
tained also around 39◦ N, where the gradient occurs only un-
til 40◦ N. No effect can be seen northward from 50◦ N and
southwards of 37◦ N. This shows that the gradient effect is
limited to the latitudinal interval, where the gradient occurs
and the next interval in the viewing direction of the instru-
ment, not exceeding ∼3.5◦. This small latitudinal interval
for the gradient effect supports that we found no correla-
tion for the real measurements between the gradient of two
scanning sequences and the difference between the 1-D and
2-D retrieval for the following (third) scanning sequence (see
Sect. 3.3).
4.1.2 Investigating the difference of the 1-D and 2-D re-
trieval for different gradient strengths
In analogy to the correlation studies for the actual SCIA-
MACHY measurements (see Fig. 9), we now investigate the
linear dependency between the gradient strength and its ef-
fect on the proﬁle retrieval also for the simulations, i.e. the
difference for the 1-D and 2-D approaches with respect to the
simulated values as function of the gradient strength. There-
fore we simulate SCDs for the simple Gaussian scenario with
different gradient strengths by allowing the number density
to increase more rapidly between 50◦ and 40◦ of latitude.
In Fig. 13, the difference with respect to the true values is
shown for the retrieved number density by the 1-D (left) and
2-D (right) approaches at 42◦ N for different altitudes and
gradient strengths (on the x-axis, the gradient at the peak
altitude, 28.5km, is given). A clear linear dependency be-
tween the gradient strength and the related retrieval error is
found. Also, the retrieval error increases for lower altitudes
similarly as for the measurement. For the 1-D retrieval it
Fig. 11. Upper row left: assumed NO2 distribution with a negative gradient towards the instrument. Upper row right: the same proﬁles but
gridded on the SCIAMACHY retrieval grid. Second row: NO2 proﬁles obtained by the 1-D retrieval (left) and 2-D retrieval (right). The
absolute and relative differences between the original (true) proﬁle averaged on the SCIAMACHY retrieval grid and the retrievals for the
simulations are shown in the third and bottom row, respectively.
linear gradient with constant slopes at all altitudes is simu-
lated, the gradient at any altitude causes the same correlation
with the difference in number density at any particular al-
titude (see left panel). The correlation, however, is larger
for differences below the proﬁle peak because they are larger
here and hence relatively less affected by the retrieval error.
The slope of the line of the best ﬁt (see right panel), however,
isincreasedforaltitudesaboveandbelowtheproﬁlepeakbe-
cause the differences are correlated with smaller gradients at
these altitudes.
4.1.1 Latitudinal interval affected by the gradient
As seen in Fig. 11 (bottom row, left plot), the difference
between the 1-D approach and the true NO2 distribution is
largest for latitudes around 42◦ N and 45◦ N. For the latitude
region around 48◦ N an approximately two times lower dis-
crepancy is observed, although the gradient occurs already
at 50◦ N southwards. Similarly, lower discrepancies are ob-
tained also around 39◦ N, where the gradient occurs only un-
til 40◦ N. No effect can be seen northward from 50◦ N and
southwards of 37◦ N. This shows that the gradient effect is
limited to the latitudinal interval, where the gradient occurs
and the next interval in the viewing direction of the instru-
ment, not exceeding ∼3.5◦. This small latitudinal interval
for the gradient effect supports that we found no correla-
tion for the real measurements between the gradient of two
scanning sequences and the difference between the 1-D and
2-D retrieval for the following (third) scanning sequence (see
Sect. 3.3).
4.1.2 Investigating the difference of the 1-D and 2-D
retrieval for different gradient strengths
In analogy to the correlation studies for the actual SCIA-
MACHY measurements (see Fig. 9), we now investigate the
linear dependency between the gradient strength and its ef-
fect on the proﬁle retrieval also for the simulations, i.e. the
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Fig. 12. Same as Fig. 9 but for the simulated linear gradient in Fig. 11. The differences are calculated between the 1-D retrieval and the true
(simulated) data, the gradient is obtained from the true (simulated) data.
varies between 1.5 and 3×108 molec./cm3 for a gradient of
108 molec./cm3 per degree of orbit cycle for altitudes from
25.5 to 16.5km.
For the 2-D approach, a much better agreement with the
true number density values is observed, although also here
a linear increase of the discrepancy is found if the gradi-
ent strength increases. For the altitude of 16.5km, the re-
trieval error is approx. 3.5times smaller than for the 1-D ap-
proach. Nevertheless, the systematic disagreement (compare
also Fig. 11) indicates that the distance of 3.3◦ may still be
a bit too coarse as optimal distance for the tomographic ap-
proach, see also discussion in Sect. 4.1.3.
As a summary, the Fig. 13 veriﬁes the ﬁnding of Sect. 3:
neglecting the typical gradient of 0.5 to 1×108 molec./cm3
per degree of the orbital circle leads to errors in the retrieved
number density of 0.5–3×108 molec./cm3. Relative to the
typical peak number densities of NO2 this corresponds to 10
to 30%, but relative to the actual number density at a given
altitude it can exceed even 50%. This is in agreement with
the observed differences between the 1-D and 2-D retrieval
forthemeasurements(Sect.3.3), verifyingthattheadditional
retrieval error for the measurements only has a small impact
on this systematic difference.
Note that due to the assumption of a linear gradient, simi-
lar studies for the interpolation approach would yield similar
results as for the 2-D approach because the gradient would
be ﬁtted by the linear interpolation.
4.1.3 Impact of the distance between consecutive scan-
ning sequences on the 2-D retrieval
As shown before, the 2-D approach for the full limb orbits
with a distance between the consecutive scanning sequences
of ∼3.3◦ improves the retrieval considerably with respect to
the 1-D approach. In the following we study the effect of
different spacings for the tomographic retrieval.
For this study, additionally to the distance of 3.3◦, we
simulated SCDs for the scanning sequences performed with
a two times coarser and a two times ﬁner resolution. It
is worth to remind that the two times coarser resolution
(6.7◦) nearly ﬁts with the resolution for the nominal orbits
(∼7.5◦). We simulated SCDs for the same gradient settings
(0.5×108 molec./cm3 per degree of orbital cycle at the peak
of the proﬁle) as in Sect. 4.1 but with the gradient extend-
ing from 50◦ up to 35◦ N (see top graph on the left panel in
Fig. 14) in order to assure that for the simulation with the
coarser resolution the gradient occurs for two scanning se-
quences.
The retrieved number density distributions are compared
with the true distributions and are shown on the left panel in
Fig. 14.
For the cases with a spacing of 3.3◦ and 1.7◦, only small
discrepancies to the true values are found for the gradient
region with the exception of a slight underestimation (up to
0.4×108 molec./cm3) for the case of 3.3◦ at 16.5km. This
overall good agreement is also observed for the southern part
of the gradient area (approx. 38 to 42◦), where the TP and the
LOS are within the gradient region and therefore the mea-
surement is strongly sensitive to the gradient. For this area,
the average difference between the 2-D retrievals performed
Fig. 12. Same as Fig. 9 but for the simulated linear gradient in Fig. 11. The differences are calculated between the 1-D retrieval and the true
(simulated) data, the gradient is obtained from the true (simulated) data.
difference for the 1-D and 2-D approaches with respect to the
simulated values as function of the gradient strength. There-
fore we simulate SCDs for the simple Gaussian scenario with
different gradient strengths by allowing the number density
to increase more rapidly between 50◦ and 40◦ of latitude.
In Fig. 13, the difference with respect to the true values is
shown for the retrieved number density by the 1-D (left) and
2-D (right) approaches at 42◦ N for different altitudes and
gradient strengths (on the x-axis, the gradient at the peak
altitude, 28.5km, is given). A clear linear dependency be-
tween the gradient strength and the related retrieval error is
found. Also, the retrieval error increases for lower altitudes
similarly as for the measurement. For the 1-D retrieval it
varies between 1.5 and 3×108 molec./cm3 for a gradient of
108 molec./cm3 per degree of orbit cycle for altitudes from
25.5 to 16.5km.
For the 2-D approach, a much better agreement with the
true number density values is observed, although also here
a linear increase of the discrepancy is found if the gradi-
ent strength increases. For the altitude of 16.5km, the re-
trieval error is approx. 3.5times smaller than for the 1-D ap-
proach. Nevertheless, the systematic disagreement (compare
also Fig. 11) indicates that the distance of 3.3◦ may still be
a bit too coarse as optimal distance for the tomographic ap-
proach, see also discussion in Sect. 4.1.3.
As a summary, the Fig. 13 veriﬁes the ﬁnding of Sect. 3:
neglecting the typical gradient of 0.5 to 1×108 molec./cm3
per degree of the orbital circle leads to errors in the retrieved
number density of 0.5–3×108 molec./cm3. Relative to the
typical peak number densities of NO2 this corresponds to 10
to 30%, but relative to the actual number density at a given
altitude it can exceed even 50%. This is in agreement with
the observed differences between the 1-D and 2-D retrieval
forthemeasurements(Sect.3.3), verifyingthattheadditional
retrieval error for the measurements only has a small impact
on this systematic difference.
Note that due to the assumption of a linear gradient, simi-
lar studies for the interpolation approach would yield similar
results as for the 2-D approach because the gradient would
be ﬁtted by the linear interpolation.
4.1.3 Impact of the distance between consecutive
scanning sequences on the 2-D retrieval
As shown before, the 2-D approach for the full limb orbits
with a distance between the consecutive scanning sequences
of ∼3.3◦ improves the retrieval considerably with respect to
the 1-D approach. In the following we study the effect of
different spacings for the tomographic retrieval.
For this study, additionally to the distance of 3.3◦, we
simulated SCDs for the scanning sequences performed with
a two times coarser and a two times ﬁner resolution. It
is worth to remind that the two times coarser resolution
(6.7◦) nearly ﬁts with the resolution for the nominal orbits
(∼7.5◦). We simulated SCDs for the same gradient settings
(0.5×108 molec./cm3 per degree of orbital cycle at the peak
of the proﬁle) as in Sect. 4.1 but with the gradient extend-
ing from 50◦ up to 35◦ N (see top graph on the left panel
in Fig. 14) in order to assure that for the simulation with
the coarser resolution the gradient occurs for two scanning
sequences.
The retrieved number density distributions are compared
with the true distributions and are shown on the left panel in
Fig. 14.
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Fig. 13. The systematic error in the retrieved number density of NO2 as function of the simulated gradient strength between 40
◦ and 50
◦ for
the 1-D (left) and 2-D (right) retrieval approach. On the x-axis the gradient strength at the peak of the simulated proﬁle (28.5km) is given.
The colored lines display the difference to the true simulated values at the respective altitudes (16.5km to 25.5km, see legend).
for the different spacings and the true distribution is plot-
ted in the right panel of Fig. 14. Thus, without considering
the argument that any additional sampling is improving the
statistics of the measurement, it can be concluded that a dis-
tance in the interval between 3.3◦ and 1.7◦ (i.e. ∼3◦) allows
to correct for the horizontal gradient effect and thus is suc-
cessfully reducing the systematic error towards the retrieval
noise for the gradient of 0.5×108 molec./cm3 per degree of
orbital cycle. However, as can be seen for the case with a
distance of 1.7◦, further reducing the distance also increases
the retrieval noise, thus showing limited improvement for
this gradient strength w.r.t. the distance of 3.3◦ (although it
improves the overlapping of consecutive scanning sequences
and corrects well for the systematic discrepancies). For very
small distances, like 1.7 deg, a smoothing constraint could be
introduced to reduce this noise, but then the retrieval resolu-
tion will be downgraded.
Much larger discrepancies are found for the case with the
coarse resolution of 6.7◦ (second plot from top). This is ob-
served for latitudes affected by the gradient and also for the
ﬁrst latitude region after the cease of the gradient. At the
peak of the proﬁle, the error is up to ∼1×108 molec./cm3,
and thus of the same magnitude as the errors found for the
1-D approach. This indicates that for such a coarse spacing
the sensitivity regions do not overlap well enough to success-
fully apply the 2-D tomographic retrieval.
4.2 1-D and 2-D retrieval applied on simulations for
EMAC NO2 distributions
To investigate the effect of a gradient in the NO2 distribution
on the proﬁle retrieval and the ability of the 2-D tomographic
approach to correct for it also for more realistic cases, we
apply NO2 distributions calculated by the ECHAM/MESSy
Atmospheric Chemistry EMAC general circulation model
(J¨ ockeletal.,2006). Tostudytheseasonaleffect, weselected
the distributions for the day 15 of March, June, September
and December 2007. Note that model simulations for the
year 2008 are not considered here because an actual quan-
titative comparison of the observed and simulated NO2 data
is not in the scope of this article. The model output is ob-
tained at the local time of SCIAMACHY measurements for
the illuminated part of the orbit within the latitudinal range
between −80 and 80◦ with a horizontal resolution of 2.78◦
and a vertical resolution of 600–800m in the stratosphere.
The SCDs are calculated for the orbital geometry of SCIA-
MACHY limb measurements with a spacing between the
consecutive scanning sequences corresponding either to the
nominal or the full limb operational mode (7.5◦ or 3.3◦ of
the orbital circle). For the simulations in our studies the
NO2 number densities are gridded on a 40times ﬁner latitu-
dinal grid than that of the scanning sequences in the nominal
SCIAMACHY operational mode (i.e. 7.5◦/40) in order to al-
low a smooth latitudinal change in the number density in the
RTM. Also, we grid the data on a 3km altitude resolution,
thus matching the vertical retrieval grid.
In Fig. 15, the simulated NO2 number density ﬁeld (upper
plot, left panel) for 15 December 2007 is provided. The sec-
ond plot (left panel) shows the number density ﬁeld (gridded)
as it is applied for the calculation of the SCDs. The num-
ber density ﬁeld interpolated on the nominal SCIAMACHY
measurement and retrieval grid (corresponding to the spacing
of scanning sequences of 7.5◦ of the orbital cycle) is given in
Fig. 13. The systematic error at 42◦ N in the retrieved number density of NO2 as function of the simulated gradient strength between 40◦ and
50◦ for the 1-D (left) and 2-D (right) retrieval approach. On the x-axis the gradient strength at the peak of the simulated proﬁle (28.5km) is
given. The colored lines display the difference to the true simulated values at the respective altitudes (16.5km to 25.5km, see legend).
For the cases with a spacing of 3.3◦ and 1.7◦, only small
discrepancies to the true values are found for the gradient
region with the exception of a slight underestimation (up to
0.4×108 molec./cm3) for the case of 3.3◦ at 16.5km. This
overall good agreement is also observed for the southern part
of the gradient area (approx. 38 to 42◦), where the TP and the
LOS are within the gradient region and therefore the mea-
surement is strongly sensitive to the gradient. For this area,
the average difference between the 2-D retrievals performed
for the different spacings and the true distribution is plot-
ted in the right panel of Fig. 14. Thus, without considering
the argument that any additional sampling is improving the
statistics of the measurement, it can be concluded that a dis-
tance in the interval between 3.3◦ and 1.7◦ (i.e. ∼3◦) allows
to correct for the horizontal gradient effect and thus is suc-
cessfully reducing the systematic error towards the retrieval
noise for the gradient of 0.5×108 molec./cm3 per degree of
orbital cycle. However, as can be seen for the case with a
distance of 1.7◦, further reducing the distance also increases
the retrieval noise, thus showing limited improvement for
this gradient strength w.r.t. the distance of 3.3◦ (although it
improves the overlapping of consecutive scanning sequences
and corrects well for the systematic discrepancies). For very
small distances, like 1.7deg, a smoothing constraint could be
introduced to reduce this noise, but then the retrieval resolu-
tion will be downgraded.
Much larger discrepancies are found for the case with the
coarse resolution of 6.7◦ (second plot from top). This is ob-
served for latitudes affected by the gradient and also for the
ﬁrst latitude region after the cease of the gradient. At the
peak of the proﬁle, the error is up to ∼1×108 molec./cm3,
and thus of the same magnitude as the errors found for the
1-D approach. This indicates that for such a coarse spacing
the sensitivity regions do not overlap well enough to success-
fully apply the 2-D tomographic retrieval.
4.2 1-D and 2-D retrieval applied on simulations for
EMAC NO2 distributions
To investigate the effect of a gradient in the NO2 distribution
on the proﬁle retrieval and the ability of the 2-D tomographic
approach to correct for it also for more realistic cases, we
apply NO2 distributions calculated by the ECHAM/MESSy
Atmospheric Chemistry EMAC general circulation model
(J¨ ockeletal.,2006). Tostudytheseasonaleffect, weselected
the distributions for the day 15 of March, June, September
and December 2007. Note that model simulations for the
year 2008 are not considered here because an actual quan-
titative comparison of the observed and simulated NO2 data
is not in the scope of this article. The model output is ob-
tained at the local time of SCIAMACHY measurements for
the illuminated part of the orbit within the latitudinal range
between −80 and 80◦ with a horizontal resolution of 2.78◦
and a vertical resolution of 600–800m in the stratosphere.
The SCDs are calculated for the orbital geometry of SCIA-
MACHY limb measurements with a spacing between the
consecutive scanning sequences corresponding either to the
nominal or the full limb operational mode (7.5◦ or 3.3◦ of
the orbital circle). For the simulations in our studies the
NO2 number densities are gridded on a 40times ﬁner latitu-
dinal grid than that of the scanning sequences in the nominal
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Fig. 14. 2-D retrieval for different distances between consecutive scanning sequences. On the left: the NO2 ﬁeld of the simulation (top) and
the differences between the retrieved number density and the true values with the distance of 6.7
◦ (second plot), 3.3
◦ (third plot) and 1.7
◦
(bottom plot). On the right: mean differences are plotted for the southern part of the gradient (i.e. where the measurement is sensitive only
to the areas of the gradient) for the three distances.
the third plot. The same, corresponding to the full limb mode
with horizontal spacing of 3.3◦ is shown in the bottom plot.
The ﬁgure also shows the absolute and relative differences
between the retrieval methods and the simulated (true) num-
ber density ﬁeld (middle and right panel). It can be seen that
the 1-D approach (top panels) shows signiﬁcant discrepan-
cies (around 1 to 2×108 molec./cm3) for the latitudes where
the strong gradients occur (around 20◦ S and 20◦ N at the
subtropics, arround 60◦ S and 40–60◦ N). At these latitudes
the gradients reach 0.5 to 1×108 molec./cm3 per degree. The
regions and also the magnitude of the differences agree well
with the results obtained for the real measurements for the
mean of the full limb orbits in Fig. 6.
4.2.1 Inﬂuence of the spacing between scanning se-
quences on the 2-D retrieval and investigation of
the interpolation approach
In Fig. 15 it can also be seen that when applying the 2-D
approach to the simulations for the nominal SCIAMACHY
mode, with a spacing of 7.5◦ of the orbital cycle, the re-
trieval can not be improved by the 2-D approach (second
panel from top) and has similar discrepancies as the 1-D ap-
proach. For this distance the sensitivity areas of the consec-
utive scanning sequences are not overlapping and therefore
the 2-D approach does not provide additional information.
On the other side, for this spacing an improvement can be
acquired by applying the interpolation approach (third pan-
els from top in Fig. 15). It should be noted that such a good
agreement may, however, not be obtained, if the gradient is
Fig. 14. 2-D retrieval for different distances between consecutive scanning sequences. On the left: the NO2 ﬁeld of the simulation (top) and
the differences between the retrieved number density and the true values with the distance of 6.7◦ (second plot), 3.3◦ (third plot) and 1.7◦
(bottom plot). On the right: mean differences are plotted for the southern part of the gradient (i.e. where the measurement is sensitive only
to the areas of the gradient) for the three distances.
SCIAMACHY operational mode (i.e. 7.5◦/40) in order to al-
low a smooth latitudinal change in the number density in the
RTM. Also, we grid the data on a 3km altitude resolution,
thus matching the vertical retrieval grid.
In Fig. 15, the simulated NO2 number density ﬁeld (upper
plot, left panel) for 15 December 2007 is provided. The sec-
ond plot (left panel) shows the number density ﬁeld (gridded)
as it is applied for the calculation of the SCDs. The num-
ber density ﬁeld interpolated on the nominal SCIAMACHY
measurement and retrieval grid (corresponding to the spacing
of scanning sequences of 7.5◦ of the orbital cycle) is given in
the third plot. The same, corresponding to the full limb mode
with horizontal spacing of 3.3◦ is shown in the bottom plot.
The ﬁgure also shows the absolute and relative differences
between the retrieval methods and the simulated (true) num-
ber density ﬁeld (middle and right panel). It can be seen that
the 1-D approach (top panels) shows signiﬁcant discrepan-
cies (around 1 to 2×108 molec./cm3) for the latitudes where
the strong gradients occur (around 20◦ S and 20◦ N at the
subtropics, arround 60◦ S and 40–60◦ N). At these latitudes
the gradients reach 0.5 to 1×108 molec./cm3 per degree. The
regions and also the magnitude of the differences agree well
with the results obtained for the real measurements for the
mean of the full limb orbits in Fig. 6.
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Fig. 15. Left panels: NO2 number density ﬁeld simulated by EMAC atmospheric chemistry general circulation model for 15 December 2007
(top), gridded for the simulation of SCDs with ﬁne horizontal resolution (second row), and gridded to the resolution of the SCIAMACHY
limb measurements in the nominal and full limb operational modes (third and bottom row). In the middle and right panels absolute and
relative differences between the NO2 distribution retrieved from the simulated SCDs and the true (simulated) number density ﬁeld are
shown. The ﬁrst three rows from top show results for the simulated measurements with the distance of 7.5
◦ of the orbital cycle between
consecutive scanning sequences. From top to bottom the differences plotted are for the 1-D approach, the 2-D approach and the interpolation
approach. In the two bottom rows, the results for the distance of 3.3
◦ (i.e. full limb mode) are shown for the 1-D and 2-D approach.
not so smooth and varies signiﬁcantly within sensitivity ar-
eas of limb measurements and between scanning sequences
because the coarser sampling cannot resolve the ﬁner varia-
tions this is not occurring in the simulated example because
of the limited horizontal resolution or is affected by the mea-
surement error.
The 2-D approach applied on the simulations with a spac-
ingbetweentheconsecutivescanningsequencesof3.3◦ (bot-
tom panels), i.e. like for the full limb orbits, signiﬁcantly
improves the agreement with the simulated ﬁeld. The sys-
tematic errors for the 1-D approach at around 25◦ or 60◦ S
and also at 50◦ N are corrected by the 2-D retrieval. The re-
maining errors are on the level of the retrieval noise. Thus, a
retrieval with an even ﬁner resolution will not provide signif-
icant additional improvement (compare with Sect 4.1.3). It
should however be noted, that, in general, with an increased
resolution, i.e. by a closer spacing, more information can be
gained from the measurements. Therefore the 2-D retrieval
with the small spacing is more accurate compared to the in-
terpolation approach with a two times larger spacing for the
cases with rapid changes in the atmospheric number density
(compare e.g. the difference at 20–30◦ S or around 60◦ S).
The study is performed also for other months for which
the gradients at the locations of the transport barriers (i.e. at
subtropics and between midlatitudes and polar regions) are
also very pronounced (see Appendix A). Therefore the dis-
crepancies for the 1-D (and also the 2-D approach with nom-
inal spacing) appear mainly for these regions. Also for these
months the largest improvement is obtained with a spacing
between the consecutive scanning sequences of 3.3◦.
4.2.2 Effect of the gradient on the systematic retrieval
error
Similarly as for the measured data, we performed statistical
studies regarding the effect of the gradient at different alti-
tudes on the systematical retrieval error of the 1-D retrieval:
in Fig. 16 the squared correlation coefﬁcients (left panel) and
the slope of the line of the best ﬁt for the relation between the
gradient and the difference between the 1-D retrieval and the
simulated ﬁeld (right panel) are given.
Like for the measurement results in Fig. 9, the correla-
tion is large only for altitudes below the altitude of the gra-
dient. The squared correlation coefﬁcient r2 is up to 0.7 for
these altitudes. The slope of the line of the best ﬁt is around
2degrees for these altitudes, i.e. a gradient in the number
density of 1×108 molec./cm3 per degree of the Earth circle
leads to an error of 2×108 molec./cm3 for the 1-D approach.
Fig. 15. Left panels: NO2 number density ﬁeld simulated by EMAC atmospheric chemistry general circulation model for 15 December 2007
(top), gridded for the simulation of SCDs with ﬁne horizontal resolution (second row), and gridded to the resolution of the SCIAMACHY
limb measurements in the nominal and full limb operational modes (third and bottom row). In the middle and right panels absolute and
relative differences between the NO2 distribution retrieved from the simulated SCDs and the true (simulated) number density ﬁeld are
shown. The ﬁrst three rows from top show results for the simulated measurements with the distance of 7.5◦ of the orbital cycle between
consecutive scanning sequences. From top to bottom the differences plotted are for the 1-D approach, the 2-D approach and the interpolation
approach. In the two bottom rows, the results for the distance of 3.3◦ (i.e. full limb mode) are shown for the 1-D and 2-D approach.
4.2.1 Inﬂuence of the spacing between scanning
sequences on the 2-D retrieval and investigation of
the interpolation approach
In Fig. 15 it can also be seen that when applying the 2-D
approach to the simulations for the nominal SCIAMACHY
mode, with a spacing of 7.5◦ of the orbital cycle, the re-
trieval can not be improved by the 2-D approach (second
panel from top) and has similar discrepancies as the 1-D ap-
proach. For this distance the sensitivity areas of the consec-
utive scanning sequences are not overlapping and therefore
the 2-D approach does not provide additional information.
On the other side, for this spacing an improvement can be
acquired by applying the interpolation approach (third pan-
els from top in Fig. 15). It should be noted that such a good
agreement may, however, not be obtained, if the gradient is
not so smooth and varies signiﬁcantly within sensitivity ar-
eas of limb measurements and between scanning sequences
because the coarser sampling cannot resolve the ﬁner varia-
tions this is not occurring in the simulated example because
of the limited horizontal resolution or is affected by the mea-
surement error.
The 2-D approach applied on the simulations with a spac-
ing between the consecutive scanning sequences of 3.3◦ (bot-
tom panels), i.e. like for the full limb orbits, signiﬁcantly
improves the agreement with the simulated ﬁeld. The sys-
tematic errors for the 1-D approach at around 25◦ or 60◦ S
and also at 50◦ N are corrected by the 2-D retrieval. The re-
maining errors are on the level of the retrieval noise. Thus, a
retrieval with an even ﬁner resolution will not provide signif-
icant additional improvement (compare with Sect 4.1.3). It
should however be noted, that, in general, with an increased
resolution, i.e. by a closer spacing, more information can be
gained from the measurements. Therefore the 2-D retrieval
with the small spacing is more accurate compared to the in-
terpolation approach with a two times larger spacing for the
cases with rapid changes in the atmospheric number density
(compare e.g. the difference at 20–30◦ S or around 60◦ S).
The study is performed also for other months for which
the gradients at the locations of the transport barriers (i.e. at
subtropics and between midlatitudes and polar regions) are
also very pronounced (see Appendix A). Therefore the dis-
crepancies for the 1-D (and also the 2-D approach with nom-
inal spacing) appear mainly for these regions. Also for these
months the largest improvement is obtained with a spacing
between the consecutive scanning sequences of 3.3◦.
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4.2.2 Effect of the gradient on the systematic
retrieval error
Similarly as for the measured data, we performed statistical
studies regarding the effect of the gradient at different alti-
tudes on the systematical retrieval error of the 1-D retrieval:
in Fig. 16 the squared correlation coefﬁcients (left panel) and
the slope of the line of the best ﬁt for the relation between the
gradient and the difference between the 1-D retrieval and the
simulated ﬁeld (right panel) are given.
Like for the measurement results in Fig. 9, the correla-
tion is large only for altitudes below the altitude of the gra-
dient. The squared correlation coefﬁcient r2 is up to 0.7 for
these altitudes. The slope of the line of the best ﬁt is around
2degrees for these altitudes, i.e. a gradient in the number
density of 1×108 molec./cm3 per degree of the Earth circle
leads to an error of 2×108 molec./cm3 for the 1-D approach.
This ﬁnding is in good agreement with the slope obtained for
the measurements plotted in Fig. 9.
The large values of the slope of the line of the best ﬁt for
the gradients at high altitudes may not be explained by the
gradient effect because of the small squared correlation co-
efﬁcient for these cases. Note that the larger values of the
squared correlation coefﬁcient for the real measurements (in
comparison to the simulations) arise due to a different calcu-
lation of the gradient: for the simulations, the gradient is cal-
culated from the (true) distribution known before hand; for
the measurements, it is calculated from the distribution re-
trieved by the 2-D approach. Also the difference is obtained
w.r.t. the distribution known before hand for the simulated
data but w.r.t. the distribution retrieved by the 2-D approach
for the measurements. Therefore, statistical and systemati-
cal retrieval errors may contribute to the determined gradi-
ent strength. On the other hand, a lower correlation for the
simulated data can also appear because the gradient may be
different at different latitudes also in between the TPs of the
simulated measurements, but for the calculation of the gradi-
ent only the concentration values at the TPs are applied.
In analogy to Figs. 8 and 10, Fig. 17 shows the scatter
plot of the gradient at 25.5km and the difference at 22.5km
(left panel), together with the relation between the gradient
of the stratospheric column and its impact on the retrieval
(right panel). Again, a linear dependency is observed (with
a squared correlation coefﬁcient of r2=0.59 for the number
density and 0.8 for the stratospheric column density). Com-
pared with the results for the measurements, there is a good
agreement regarding the amplitude of the gradient which
ranges from approx. 0.3 to −0.5×108 molec./cm3 (number
density at 25.5km) for the bulk of both datasets. Also, for
the gradient of the integrated stratospheric column density,
comparable values are found, ranging from 0.2 to −1×108
for the simulations and 0.6 to −1.4×108 molec./cm2 for the
measurements (see Fig. 10, left panel). The smaller ampli-
tude of the gradient in the model data compared with the
measured gradient may be explained by the limited resolu-
tion in the model and the fact that the model data is a zonal
average. Also note that in contrast to the measurement re-
sults in Figs. 8 and 10, the differences and the gradients are
calculated with respect to the true NO2 distribution ﬁeld. The
smaller correlation (which means more outliers) may affect
the slope of the line of the best ﬁt which is 1.4 (number den-
sity for the example altitude) and 1.9◦ (stratospheric column
density) for the simulation compared with 2.1◦ and 2.3◦ for
the measurement. Considering these points, the results for
the simulations and the measured data both show a very sim-
ilar effect of an existing gradient on the 1-D retrieval.
5 Conclusions
The tomographic 2-D approach for the retrieval of vertical
proﬁles from the SCIAMACHY limb measurements (Puk ¸¯ ıte
et al., 2008) was applied for the full limb orbits performed
on 14 December 2008. We show that the method improves
the retrieval for altitudes at and below the proﬁle peak with
respect to the 1-D approach by ∼10 to 20% of the peak value
(or up to 50% of the actual value) of the NO2 number density.
The difference is largest at subtropics and between southern
mid-latitudes and polar regions in December where a gra-
dient of 0.5 to 1×108 molec./cm3 per degree of the orbital
cycle is observed below 25km due to the stratospheric trans-
port barriers.
In the sensitivity studies we veriﬁed the discrepancies in-
troduced in the proﬁle retrieval if the horizontal gradient is
not considered. First, we performed simulations by assum-
ing a simple linear gradient and second, by applying NO2
distributions from the EMAC atmospheric chemistry general
circulation model. The simulations with the modelled data
provided similar discrepancies between the 1-D retrieval and
the simulated data like the observed discrepancies between
the 1-D and 2-D retrieval for the measured data. In both
datasets, linear dependency between the horizontal gradient
strength and the systematic retrieval error for the 1-D re-
trieval is found. In contrast, the tomographic 2-D retrieval
shows only very small discrepancies in comparison to the
true NO2 distribution. Thus, for reducing the systematic re-
trieval error, the 2-D retrieval is more important the stronger
the horizontal gradients of the retrieved trace gas are.
The sensitivity studies for the full limb orbits also revealed
that a certain gradient affects only the retrieval at the scan-
ning sequence for which the tangent point lies within the
gradient region and the scanning sequence immediately after
this interval. Thus, the length of the impact of the gradient
does not exceed the distance between the scanning sequences
(i.e. 3.3◦ of the orbital cycle). We also found that a linear gra-
dient can almost completely be accounted for by the 2-D ap-
proach for such a resolution and show that a further decrease
of the distance between the consecutive scanning sequences
provides only a negligible improvement. Also, the studies
on seasonal NO2 data from EMAC show that the gradient is
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Fig. 16. Same as Fig. 9 but for simulated data for 15 December 2007. The differences are calculated between the 1-D and true (simulated)
data, the gradient is obtained from the true (simulated) data.
This ﬁnding is in good agreement with the slope obtained for
the measurements plotted in Fig. 9.
The large values of the slope of the line of the best ﬁt for
the gradients at high altitudes may not be explained by the
gradient effect because of the small squared correlation co-
efﬁcient for these cases. Note that the larger values of the
squared correlation coefﬁcient for the real measurements (in
comparison to the simulations) arise due to a different calcu-
lation of the gradient: for the simulations, the gradient is cal-
culated from the (true) distribution known before hand; for
the measurements, it is calculated from the distribution re-
trieved by the 2-D approach. Also the difference is obtained
w.r.t. the distribution known before hand for the simulated
data but w.r.t. the distribution retrieved by the 2-D approach
for the measurements. Therefore, statistical and systemati-
cal retrieval errors may contribute to the determined gradi-
ent strength. On the other hand, a lower correlation for the
simulated data can also appear because the gradient may be
different at different latitudes also in between the TPs of the
simulated measurements, but for the calculation of the gradi-
ent only the concentration values at the TPs are applied.
In analogy to Figs. 8 and 10, Fig. 17 shows the scatter
plot of the gradient at 25.5km and the difference at 22.5km
(left panel), together with the relation between the gradient
of the stratospheric column and its impact on the retrieval
(right panel). Again, a linear dependency is observed (with
a squared correlation coefﬁcient of r2=0.59 for the number
density and 0.8 for the stratospheric column density). Com-
pared with the results for the measurements, there is a good
agreement regarding the amplitude of the gradient which
ranges from approx. 0.3 to −0.5×108 molec./cm3 (number
density at 25.5km) for the bulk of both datasets. Also, for
the gradient of the integrated stratospheric column density,
comparable values are found, ranging from 0.2 to −1×108
for the simulations and 0.6 to −1.4×108 molec./cm2 for the
measurements (see Fig. 10, left panel). The smaller ampli-
tude of the gradient in the model data compared with the
measured gradient may be explained by the limited resolu-
tion in the model and the fact that the model data is a zonal
average. Also note that in contrast to the measurement re-
sults in Figs. 8 and 10, the differences and the gradients are
calculated with respect to the true NO2 distribution ﬁeld. The
smaller correlation (which means more outliers) may affect
the slope of the line of the best ﬁt which is 1.4 (number den-
sity for the example altitude) and 1.9◦ (stratospheric column
density) for the simulation compared with 2.1◦ and 2.3◦ for
the measurement. Considering these points, the results for
the simulations and the measured data both show a very sim-
ilar effect of an existing gradient on the 1-D retrieval.
5 Conclusions
The tomographic 2-D approach for the retrieval of vertical
proﬁles from the SCIAMACHY limb measurements (Puk ¸¯ ıte
et al., 2008) was applied for the full limb orbits performed
on 14 December 2008. We show that the method improves
the retrieval for altitudes at and below the proﬁle peak with
respect to the 1-D approach by ∼10 to 20% of the peak value
(or up to 50% of the actual value) of the NO2 number density.
The difference is largest at subtropics and between southern
mid-latitudes and polar regions in December where a gra-
dient of 0.5 to 1×108 molec./cm3 per degree of the orbital
Fig. 16. Same as Fig. 9 but for simulated data for 15 December 2007. The differences are calculated between the 1-D and true (simulated)
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Fig. 17. Left panel: difference between the number density retrieved by the 1-D approach and the true data at 22.5km as function of
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15 and 39km. Also shown is the line of the best ﬁt to the observed differences. Equations for the lines of the best ﬁt and squared correlation
coefﬁcients r
2 are provided in the titles.
cycle is observed below 25km due to the stratospheric trans-
port barriers.
In the sensitivity studies we veriﬁed the discrepancies in-
troduced in the proﬁle retrieval if the horizontal gradient is
not considered. First, we performed simulations by assum-
ing a simple linear gradient and second, by applying NO2
distributions from the EMAC atmospheric chemistry general
circulation model. The simulations with the modelled data
provided similar discrepancies between the 1-D retrieval and
the simulated data like the observed discrepancies between
the 1-D and 2-D retrieval for the measured data. In both
datasets, linear dependency between the horizontal gradient
strength and the systematic retrieval error for the 1-D re-
trieval is found. In contrast, the tomographic 2-D retrieval
shows only very small discrepancies in comparison to the
true NO2 distribution. Thus, for reducing the systematic re-
trieval error, the 2-D retrieval is more important the stronger
the horizontal gradients of the retrieved trace gas are.
The sensitivity studies for the full limb orbits also revealed
that a certain gradient affects only the retrieval at the scan-
ning sequence for which the tangent point lies within the
gradient region and the scanning sequence immediately after
this interval. Thus, the length of the impact of the gradient
does not exceed the distance between the scanning sequences
(i.e. 3.3◦ of the orbital cycle). We also found that a linear gra-
dient can almost completely be accounted for by the 2-D ap-
proach for such a resolution and show that a further decrease
of the distance between the consecutive scanning sequences
provides only a negligible improvement. Also, the studies
on seasonal NO2 data from EMAC show that the gradient is
well accounted for with such a distance. On the other hand,
no improvement is obtained when the 2-D approach is ap-
plied for coarser distances between the scanning sequences:
for the distance of 7.5◦ (corresponding to the nominal oper-
ational mode of SCIAMACHY), the 2-D approach results in
similar discrepancies to the true distribution as the 1-D ap-
proach.
The possibility to apply an interpolation approach, assum-
ing a linear gradient in between the locations of the actual
measurement, was investigated. We applied the interpolation
approach for full limb orbits skipping every second scanning
sequence in the retrieval thus obtaining a spacing between
the measurements that is comparable with that of the nomi-
nal SCIAMACHY orbits. The results allow us to conclude
that although no overlap of the sensitivity areas for the mea-
surements in the nominal SCIAMACHY operational mode
exists, the interpolation approach agrees better with the 2-D
retrieval than the 1-D approach for all full limb mode scan-
ning sequences. However, only a small part of the gradient
effect can be corrected for by this approach. In case studies
we ﬁnd that the 1-D retrieval shows up to 25% higher dis-
crepancies with respect to the 2-D retrieval (applied for all
scanning sequences) than the retrieval with the interpolation
approach (applied for every second scanning sequence of the
full limb orbit).
Based on the ﬁndings for the full limb orbits, the retrieval
for the nominal orbits should be modiﬁed to limit the hori-
zontal gradient effect. Different approaches might be consid-
Fig. 17. Left panel: difference between the number density retrieved by the 1-D approach and the true data at 22.5km as function of
horizontal gradient in the number density at 25.5km for 15 December 2007. Right panel: same, but for the stratospheric column between
15 and 39km. Also shown is the line of the best ﬁt to the observed differences. Equations for the lines of the best ﬁt and squared correlation
coefﬁcients r2 are provided in the titles.
well accounted for with such a distance. On the other hand,
no improvement is obtained when the 2-D approach is ap-
plied for coarser distances between the scanning sequences:
for the distance of 7.5◦ (corresponding to the nominal oper-
ational mode of SCIAMACHY), the 2-D approach results in
similar discrepancies to the true distribution as the 1-D ap-
proach.
The possibility to apply an interpolation approach, assum-
ing a linear gradient in between the locations of the actual
measurement, was investigated. We applied the interpolation
approach for full limb orbits skipping every second scan-
ning sequence in the retrieval thus obtaining a spacing be-
tween the measurements that is comparable with that of the
nominal SCIAMACHY orbits. The results allow us to con-
clude that although no overlap of the sensitivity areas for
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the measurements in the nominal SCIAMACHY operational
mode exists, the interpolation approach agrees better with the
2-D retrieval than the 1-D approach for all full limb mode
scanning sequences. However, only a small part of the gra-
dient effect can be corrected for by this approach. In case
studies we ﬁnd that the 1-D retrieval shows up to 25% higher
discrepancies with respect to the 2-D retrieval (applied for all
scanning sequences) than the retrieval with the interpolation
approach (applied for every second scanning sequence of the
full limb orbit).
Based on the ﬁndings for the full limb orbits, the retrieval
for the nominal orbits should be modiﬁed to limit the hori-
zontal gradient effect. Different approaches might be consid-
ered. Besides the interpolation approach, also an empirical
correction for the 1-D retrieval could be performed, taking
into account the gradient between the retrieved proﬁles of
the consecutive scanning sequences. As well, gradients pro-
vided by atmospheric chemistry models may be used for the
correction. Also, the assimilation of proﬁles retrieved from
SCIAMACHY for the previous days can be considered. In
upcoming studies it will also be investigated in how far nadir
measurements might be involved in a tomographic approach.
Although nadir observations provide information on the total
column only, they could provide more detailed information
on the location of the gradient in the horizontal dimension.
The current study shows that SCIAMACHY is able to per-
form limb measurements for which a global tomographic ap-
proach can be implemented that provides NO2 proﬁles with a
discrepancy to the true distributions on the level of the mea-
surement noise. Up to present these full limb measurements
are limited to a few orbits on 14 December 2008. Due to the
large systematic errors, for the 1-D retrieval approaches, in
particular for regions close to stratospheric transport barriers,
the interpretation of these data in scientiﬁc studies is limited.
In this article, the impact of horizontal gradients was inves-
tigated for the retrieval of NO2. However, similar retrieval
errors can also be expected for other trace gases if compara-
ble horizontal gradients occur. Therefore, it may be useful to
extend the full limb measurements for selected events of par-
ticular interest and/or on a routine basis for different seasons
to establish a climatology of 2-D proﬁles. The smaller sys-
tematic errors of the 2-D retrieval might also be useful when
the limb-nadir matching is performed for the determination
of tropospheric nadir columns (Beirle et al., 2010).
Appendix A
Simulation of the gradient for different seasons
Additionally to the simulation for the EMAC distribution of
NO2 for 15 December 2007 in Sect. 4.2, we perform the
study also for three other days representing different seasons.
We simulate SCDs and retrieve NO2 distribution ﬁelds for 15
of March, June and September (Figs. A1, A2, and A3). Also
for these days and seasons the gradients are very pronounced
at the locations of the transport barriers (i.e. at the subtropics
and between midlatitudes and polar regions). While there are
strong seasonal variations in the absolute values of NO2 for
the midlatitudes and polar regions, very similar number den-
sities are observed for all seasons in the tropics. Therefore,
the gradient strength and the resulting systematical errors in
the 1-D retrieval are similar with those found for December
in Fig. 15 for the tropics.
In March and September an almost symmetrical distribu-
tionofNO2 isobservedformidlatitudesinbothhemispheres.
Thus, only very small gradients are observed between mid-
latitudes and polar regions. For these months, the interpo-
lation approach shows a better agreement with the true dis-
tributions approach in contrast to the results for December
and June. The largest gradients take place at the subtropics
where, besides the increase of the number densities towards
midlatitudes, also the altitude of proﬁle peak decreases.
In September (see Fig. A3), however, a very strong de-
crease of NO2 occurs also within the Antarctic polar vor-
tex and therefore much stronger gradients than usual appear
(in the Fig. A3 between 60 and 75◦ S). It can be seen that
even for such a strong gradient the interpolation approach
and 2-D approach (with the spacing between the consecutive
scanning sequences of 3.3◦) retrieve number density values
that are much closer to reality. The large relative differences
for altitudes below 20km for the most southern part of or-
bit (75–80◦ S) appear because these differences are caused
by a gradient through areas with high NO2 number densities
outside and very low NO2 values within the polar vortex.
In June, an increase in the NO2 number density towards
the Northpole occurs in contrast to December where it ap-
pears towards the Southpole. Therefore, strong positive gra-
dients towards the instrument are observed in the Northern
Hemisphere comparable with the negative gradients in the
Southern Hemisphere in December. Thus, a strong overes-
timation for the 1-D retrieval occurs in the Northern Hemi-
sphere at subtropics and midlatitudes, the strongest at 10◦ N
and 60◦ N, i.e. at the transport barriers.
These case studies show that, although the strength of the
horizontal gradient in NO2 varies seasonally, the correction
for it in the retrieval is important for every season. For
all studied cases, the 2-D approach reduces the discrepancy
to the true distributions up to the level of the measurement
noise.
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Fig. A1. Same as Fig. 15 but for 15 March 2007.
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Fig. A1. Same as Fig. 15 but for 15 March 2007.
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Fig. A3. Same as Fig. 15 but for 15 September 2007.
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